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Podaci o doktorskoj disertaciji

Naslov doktorske disertacije
ISPITIVAN;JE OPTICKIH OSOBINA GRAFENA
POMOCU SPEKTROSKOPSKE ELIPSOMETRLIE

Rezime

Disertacija se bavi problemom merenja optickih osobina grafena u vidljivom i
ultraljubicastom delu spektra. Takodje, u disertaciji demonstrirano je kako se
promene optickih osobina mogu povezati sa pra¢enjem procesa sinteze, transfera, kao
i interakcije grafena sa supstratom. Osim znacaja za fundamentalno razumevanje
optickih osobina grafena, prikazani rezultati mogu se iskoristiti za implementaciju
elipsometrije kao tehnike za kontrolu kvaliteta u novim tehnologijama zasnovanim
na grafenu. Sa daljim razvojem ovih tehnologija, neophodno je imati adekvantne
merne tehnike koje nisu osetljive samo na prisustvo mono-atomskog sloja, ve¢ su u
stanju da pouzdano detektuju fine promene u osobinama ovih ultra tankih filmova.
Zbog svojih brojnih prednosti, elipsometrija je zasigurno jedna od tehnika koja ¢e
biti koris¢ena za kontrolu kvaliteta, kao i procesa sinteze u budué¢im tehnologijama
za masovnu proizvodnju grafena.

U disertaciji opticke osobine grafena su merene pomocu tehnika nulirajuce i spek-
troskopske elipsometrije. Ispitivani su uzorci monoatomskih slojeva grafena, sin-
tetisanih pomoc¢u mikromehanicke eksfolijacije i depozicije iz gasne faze. Takodje,
istaknut je znacaj koris¢enja korelacionih merenja za formiranje optickih modela i
interpretaciju elipsometarskih merenja grafena.

Opticke konstante grafena su dobijene pomocu matematicke inverzije, a zatim
parametrizovane pomoc¢u modela dielektricne funkcije grafena. Predlozeni model
kompleksnog indeksa prelamanja grafena je zasnovan na Fano rezonantnom profilu.
Ovaj model ima samo cetiri parametra Cije se vrednosti mogu jednostavno povezati
sa osobinama eksitona u M-tacki, koji izaziva crveni pomeraj apsorpcionog mak-
simuma u ultraljubicastom delu spektra. Razli¢iti parametri modela dielektricne
funkcije su prezentovani u disertaciji. Ovi parametri opisuju razlicite opticke os-

obine grafena koje su rezultat interakcije izmedju grafena i njegove okoline, eksternih
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elektroda ili ostataka transfer rezista.

Takodje, disertacija ispituje nekoliko dodatnih problema vezanih za pouzdanost
elipsometarskih merenja i interpretaciju podataka, u slucaju kada se mere atomski
tanki filmovi, kao Sto je grafen. Diskutuje se pravilan izbor supstrata, uglova inci-
dencije, korelacionih merenja i funkcija minimizacije. Opisane procedure bi trebalo
koristiti kao uputstvo za elipsometarska merenja i interpretaciju podataka atomski

tankih filmova kao sto su MoSs, WSy, WSe, i mnogih drugih 2D materijala.
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grafen, opticke osobine grafena, spektroskopska elipsometrija
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Information about the thesis

Title of the thesis
INVESTIGATING THE OPTICAL PROPERTIES OF GRAPHENE
WITH SPECTROSCOPIC ELLIPSOMETRY

Abstract

The dissertation addresses the problem of retrieving the optical properties of
graphene in the visible and UV ranges using ellipsometry. Additionally, it is demon-
strated how changes in these properties could be related to various fabrication as-
pects including the transfer process and the interaction of graphene with various
substrates. Besides their importance in advancing the fundamental understanding
of optical properties of graphene, these results could be used for implementation of
ellipsometry as a quality control in graphene-based technologies. As these technolo-
gies expand, it will be increasingly important to have tools which are able not only
to detect the presence of a graphene layer but also to give information of subtle
changes in the properties of these ultra thin films. Ellipsometry, due to its numer-
ous advantages, is most definitely one of the techniques that will be employed as a
quality control tool in the future mass production of graphene.

In the dissertation optical properties of graphene were studied using spectroscopic
ellipsometry and null spectroscopic imaging ellipsometry techniques. The studied
samples were atomically thin layers of graphene synthesized by micromechanical
exfoliation and chemical vapor deposition. These samples were supported by various
substrates, such as silicon wafers with thin SiOs films, transparent (sapphire) and
metallic (gold) substrates. An importance of using corroborated measurements for
building up an appropriate optical models has been shown as well.

Optical parameters of graphene have been retrieved using a point-by-point in-
version process, and afterwards parameterized by a dielectric function model. A
proposed parametrization function of graphene’s complex refractive index is based
on a Fano resonant profile. This model has only four fitting parameters, and their
values can be easily related to the properties of the M-point exciton that causes the

red shift of the prominent absorption peak in the UV. Various set of model param-
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eters have been given. These describe the different optical properties of graphene
which are a result of an interaction between graphene layer and its surroundings, as
external electrodes or transfer residue.

In addition, the dissertation addresses several issues regarding ellipsometric mea-
surements and data interpretation, when measuring atomically thin samples, as
graphene. This includes a proper choice of a substrate, incident angles, corroborated
measurements and minimization functions. The same process should be followed as
a good practice guide for the interpretation of ellipsometric measurements of other

atomically thin layers, as MoSs, WSs, WSes and many more emerging 2D materials.

Keywords

graphene, optical properties of graphene, spectroscopic ellipsometry

Scientific field - Physics

Subfield - Condensed Matter Physics and Statistical Physics

UDK number - 538.9 (043.3)
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1. INTRODUCTION

Graphene, a novel nanomaterial, was first isolated in 2004 by K. S. Novoselov and
coworkers [1]. Essentially, graphene is a single atomic layer of graphite, where the
carbon atoms are arranged into a hexagonal, honeycomb-like, structure. In a sense
graphene is the first truly two-dimensional material, with its thickness reaching a
theoretical limit of only one atomic layer. Its discovery has opened a whole new field
of research, that considers not only graphene but many other crystal structures that
can be obtained as single layers, these are referred to as Van der Waals’ materials;
in other words materials that have their unit cells connected in at least one direction
by van der Waals’ forces [2, 3, 4].

Graphene’s very simple crystal structure gives rise to many unique properties and
phenomena that have drawn a large amount of interest both from the fundamental
side, and from the application driven side of the research community and hi-tech
industry. As an example, from the year 2000 up to the year 2015 there were over
60000 publications with ”graphene” as research topic (according to ISI Web Of
Science). The industry follows the scientific contributions as can be seen by the
number of published patents, which is greater than 14000 for the same time period,
with significant contributions starting from the year 2009. Interestingly, the number-
one patent holder regarding graphene is Samsung inc. with over 700 published
patents in total [5].

These statistics clearly show a great amount of interest that graphene has re-
ceived over the last decade. This attention was received for a reason. There are

many different properties of graphene in which all the other materials known to



1. INTRODUCTION

man fail to even compare, and for this reason graphene has earned a nickname
"magic material”. It has unparalleled electrical properties, as carrier mobility over
two orders of magnitude greater than bulk silicon, and a micrometer-scale ballistic
transport at room temperatures [6]. It is capable to sustain extremely high densities
of electric current (six orders of magnitude greater than copper) [7] and yet it can
conduct electricity in the limit of no electrons. The unexampled thermal conduc-
tivity of graphene is several times greater than of the any other known material [8].
Graphene also has unique mechanical properties. As it will be shown later on, these
properties come from the three sp2 hybridized orbitals that lie in plane and form
the hexagonal mesh of graphene. Young’s modulus of graphene is about five times
greater than of the bulk steel [9], while at the same time graphene can be folded by
180° over only 0.2 nm length, without breaking its crystal structure. The crystal
lattice of graphene (and graphite) is so densely packed that it is impermeable to
any gases, even Hy [10]. Also, graphene has an extremely high quantum efficiency
for light-matter interactions, is strongly optically nonlinear and contains plasmons
with peculiar properties [11, 12, 13, 14]. All of these epoch-making properties were
experimentally confirmed. However, in most cases this holds only for the very best
graphene available, that is usually supported by an adequate substrate as hexagonal
boron-nitride. Still and all, as the research field of graphene grows, and as mass-
production techniques get ever better, many new potential applications are starting

to arise.

The introduction chapter will discuss on graphene’s structure and electronic prop-
erties (Sec. 1.1) where the tight binding approximation will be employed to obtain
the dispersion relation and joint density of states function of graphene. These will
be related to the optical properties of graphene in Sec. 1.2 where an interband
absorption coefficient will be estimated in the framework of an electromagnetic per-
turbation theory. Furthermore, within Sec. 1.2 current state of research regarding
optical properties of graphene is presented, with a focus on the interband absorption
in the visible and ultraviolet ranges. The third section (Sec. 1.3) of the introduction,
will discuss some of the potential applications of graphene, with a focus on obstacles
that need to be overcome if graphene is to be the next disruptive technology. The
final subsection (Sec. 1.3.5) of the introduction is the statement of the thesis in
relation to the potential applications of graphene and ellipsometry as a contact-less

tool for graphene characterization.



1. INTRODUCTION

1.1. Graphene’s structure and electronic properties

This section gives a short overview of some of the basic approaches in solid-state
physics [15], applied to the case of graphene. The goal of this section is to show
how graphene’s simple crystal structure stands behind its unexampled properties,
from the linear dispersion relation and Dirac like fermions, to the critical points in
the joint density of states function, and how these govern most of the physically
observable properties of graphene. These are all important for better understanding
of graphene’s optical properties, that will be the focus of the second section (Sec.
1.2).

First (Sec. 1.1.1), crystal structure of graphene is discussed, and the first Brillouin
zone, high symmetry points and high symmetry directions in k space are shown.
Later (Sec. 1.1.2), analytical form of dispersion relation of graphene is obtained
using the nearest neighbor tight binding approximation. Valleys in the dispersion
relation that are close to the Fermi level are discussed in more detail, and the
relation with the Dirac equation is shown. As the main focus of the dissertation are
optical properties of graphene, dispersion relation is used to obtain the joint density
of states function (JDOS) within Sec. 1.1.3. Consequences of the JDOS function
are seen in the optical properties of graphene, especially in the part of the spectra
where these are governed by the interband transitions (from the near-infrared to
ultraviolet). Furthermore, critical points in JDOS function stand behind various
"features” in the optical properties of the solids. Critical point in JDOS function
of graphene that is of the particular interest in this dissertation is examined in
Sec. 1.1.4. Here a logarithmic or M1 van Hove singularity in graphene’s JDOS
is observed, at the energy that corresponds to the interband transitions near the
saddle point in graphene’s dispersion relation (M-point). Finally, in this section a

short overview of the electric field effect in graphene is presented (Sec. 1.1.5).

1.1.1. Crystal structure

Graphene, as an isolated layer of graphite has a very simple hexagonal crystal struc-
ture. Unit cell of graphene contains two carbon atoms that are related to each other

by a mirror plane. This plane lies perpendicular to the graphene plane and in the
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Figure 1.1.: (a) A height image of a highly oriented pyrolytic graphite (HOPG)
surface, obtained by an atomic force microscope [16]. Here single carbon
atoms are resolved. The unit cell is marked by dot-dashed lines, and its
area is red-shaded. (b) shematic representation of a unit cell of graphene
marked by the red-shaded area. A and B denote atomic sites, ag is the
distance between two carbon atoms; a is the length of a unit cell’s side;

t; and t, are primitive translations.

direction that connects two centers of the neighboring hexagons. These two atomic
sites within a unit cell are most commonly refereed as A and B sites, and a hexago-
nal crystal structure could be imagined as two interweaved trigonal structures that
contain only A and only B atoms.

Figure 1.1(a) shows an atomic force microscope (AFM) image of a highly oriented
pyrolytic graphite (HOPG) surface (curtesy of [16]). The image was obtained in
the contact mode, in high vacuum environment and at room temperature. Here,
a hexagonal structure of graphene (graphite layer) can be seen, also a unit cell is
marked by dot-dashed lines and its area is red-shaded. Schematic representation of
a unit cell with neighboring carbon atoms is shown in Fig.1.1(b). Here the center
of the coordinate system is placed at the A site. Two primitive translation vectors
t; and 5 are shown. Any point outside of the unit cell that can be connected by
any possible combination of these vectors to a point within the unit cell, has to be
identical with the point in the unit cell that it connects to. The distance between
two neighboring carbon atoms is ay = 1.42A. Length of a primitive translation
vectors is |t| = a = v/3ag. The exact point of each atomic site shown in Fig.1.1(b)
is needed for the tight binding calculation (Sec. 1.1.2) and is given in appendix A.1.
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Fourier transformation of a hexagonal crystal lattice, results again with a hexag-
onal structure. Figure 1.2 shows graphene’s crystal structure in k space. High
symmetry points ', M, K and K’ are also marked. Of particular importance for
the physics of graphene are the two points K and K’. These are often called ” Dirac
points” for reasons that will become clear later (see Sec. 1.1.2 and App. A.2). Vec-
tors b; and by are primitive translations in k space. Interestingly, no combination
of these vectors can connect K and K’ points, and in order to do this one vector
must be subjected to the reflection operation. This gives rise to K valley degener-
acy and chirality in graphene, which is also discussed further within the text. In
Fig.1.2 light-blue shaded areas represent various possibilities for the choice of the
first Brillouin zone (BZ). The irreducible part of the Brillouin zone (IBZ) is shown
as red shaded triangle connecting I', M and K points. The IBZ area is contained
twelve times in the entire Brillouin zone. In order to obtain density of states, as
well as joint density of states functions it is necessary to integrate over the entire
BZ. The smallest possible area for integration is the IBZ, and the obtained density
of states function when integrating over this area needs only to be multiplied by a
factor of twelve. Numerical code for summation over the IBZ is shown in appendix
C.1.

Figure 1.2(a) shows the most common choice of the BZ. Here only one third of
the each K valley is contained within the BZ. This could lead to a false conclusion
that there are six K valleys within the BZ. However if chosen differently, as in Fig.
1.2(b), then the number of K valleys within the BZ becomes more apparent. Also,
for the sake of integration, a simple square choice is shown in Fig. 1.2(c), with height
of 27 /a and length 27 /v/3a. This area contains one half of the BZ. Integration over
the BZ will be discussed within Sec. 1.1.3 where graphene’s joint density of states

function is obtained.

1.1.2. Dispersion relation

In this sub-section, graphene’s dispersion relation is calculated, and its properties
discussed. The derivation presented here follows guidelines from [15, 17, 18, 19, 20,
21].

Band structure of graphene, as a single layer of graphite, was first calculated by P.
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Figure 1.2.: Schematic representation of a crystal lattice of graphene in k space,

light-blue shaded areas represent various choices for the BZ, while the
red-shaded triangular area represents the IBZ. (a) most common choice
of BZ, here only one third of each K valley is within the BZ. (b) an
alternative choice of BZ where two entire K valleys lie within it. (c)
Square half of the BZ with height of 27/a and length 27/+/3a, this area
is quite simple for integration. l;l and 52 represent primitive translations

in k space.

R. Wallace [20] using tight binding method. Starting point is Schrédinger equation

EV = H,,V. Wave function ¥ can be written as a set of basis (known) functions:
U= Wy, (7). (1.1)

In a tight binding approximation basis functions u,, are atomic wave functions

around each carbon atom. Coefficients ¥, come from solving the matrix equation:
EV, =Y Hpplp. (1.2)
m

Indices m and n "run” over all the basis functions in a unit cell. Considering
only the upper shell of carbon, 2s2p? levels give four basis functions for each carbon
atom in the unit cell. This would give H,,, = Hynxan, Where N denotes a number
of carbon atoms in the unit cell. In general, that would result with eight basis

functions:

E{V}, = [Hl,, ¥}, (1.3)

m

where {U} and {¥}  would be 8 x 1 matrices, and [H], would be 8 x 8 ma-

trix. However, the set of basis functions could be further reduced. Carbon atoms in
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graphite are sp2 hybridized, giving three o bonds that lie in a carbon plane and one
un-hybridized 7, bond per each carbon atom. ¢ bonds lie away from the chemical
potential and are in general responsible for binding energies and mechanical proper-
ties of graphite and graphene, giving a total of six out of eight basis functions that
could be neglected. The remaining two 7, orbitals are near the chemical potential
and in the approximation of a perfectly flat graphene only these should be consid-
ered when electronic and optical properties of graphene are discussed. Regarding a
perfectly flat graphene, this condition although valid, can be neglected in most cases
that do not involve bending of a graphene plane over several percent on a scale of a
single unit cell. Considering only 7, orbitals, results with only two basis function.
This significantly simplifies Eq. 1.3, where {¥'} and {¥},  are now 2 x 1 matrices,
and [H],  is a2 x 2 matrix.

Furthermore, Eq. 1.3 needs to be valid for a periodic structure, meaning that

solutions could be written as:

(WY = {¢} eap(iky,). (1.4)

Returning Eq. 1.4 to Eq. 1.3 results with:

E{6} = | 3 [H],explik(Fn — 72))] {6}, (1.5)

m

where for every given k the result of a summation will be a 2 x 2 matrix. Lets
denote this matrix as [h(k)], where:

| H]pnep(iE (= 7)) | = [1(R)] - (1.6)

n
m

Considering only nearest neighbor hopping and the fact that there are two atoms
per unit cell, results with two possible types of contribution to [h(/;)]n, on-site and
hopping to the nearest neighbor. This gives total of four components of the hamil-
tonian, i.e. four elements of the 2 x 2 matrix.

On-site components Ha4 and Hgp are simply evaluated as:
Hoaa(F) = /qs;(f— FHou(F— 72) dr = ea, (1.7)

Han(R) = [ 6347~ Fis)Fron(7— ) dr = e (15)
Here €4 and € represent on-site energies. On the other hand, hopping components

of hamiltonian are:
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Hoap(F) = / 6 (7 — ) Hop (T — ) dr = tass - exp(ih(Fa — 7)), (1.9)

Hpa(F) = / o — Fi) Hoa(F — Fa) dr = ta - cxplik(Fy — 7a).  (1.10)

— —.

Hopping contributions Hap(k) and Hpa(k) are solved by summation over the
nearest neighbors, which in the case of a B site would be three A site atoms (de-
tailed derivations are given in appendix A.1). Carrying out the nearest neighbor

summation, gives:

Hap(k) =tap - ea:p(if;/m;) [1 +exp(— i?kma) - COoS (%)} : (1.11)
Hpa(k) = tpa - exp( — Zi{/%a) [1 + exp (i\/?gkma) - cos (%)} (1.12)

Returning back to hamiltonian [h(E)]n and substituting obtained solutions for all

its components, results in:

h(k) = ( Haa Hap ) : (1.13)

€A tABe(i%) (1 + 9¢(=F*h:a) cog %)

Mk = tBAe(_il%) (1 + 2e(+52ka) cog kL;) €B
(1.14)
It is worth mentioning that at this point A and B sites do not need to contain
the same atoms. As an example, this derivation could be easily modified to obtain a
band structure of hexagonal boron-nitride (hBN), only by considering that €4 # €p
and that tap # t5 4 which is the case thus far. However, in the case of graphite

and graphene two identical carbon atoms are occupying both A and B sites and

following holds:

tpa =ty =1, (1.15)

ea=¢€p=0. (1.16)
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Figure 1.3.: Dispersion relation of graphene (Eq. 1.20, plotted in MATLAB) ob-
tained using nearest neighbor tight binding approximation. Here blue

surfaces represent valence band, while red surfaces represent conduc-

tion band components of the dispersion relation. (a) top-down view

with high symmetry points and directions marked. (b) 3D view of the

dispersion relation. (c¢) zoomed-in region, marked with a dashed square

in (b), also known as the ”Dirac cone”, showing a linear dispersion

relation.

If on-site energies are considered as non-zero, the resulting dispersion relation
would only be shifted by a constant value. By replacing Eq.-s 1.15 and 1.16 into
Eq. 1.14 gives:

- 0 t*e(i@\/g) (1 + 9e(~2kea) ¢ %)
h(k) = - Ky a ; Y
tel %) (1 + 2e(+ 5 ha0) oo kL;) 0
(1.17)
- 0 KR
hk) = . (1.18)
ho 0
Here hg is given by:
ik,a V3 kya
ho =t-exp(— W) [1 + exp (ZTk:xa) - COS (T) (1.19)

The eigenvalues then are (detailed derivation is presented in appendix A.1):

2
E(k) = :I:t\/l + 4 cos % + 2cos % - COS \/ikxa' (1.20)

Figure 1.3 shows the dispersion relation (Eq. 1.20). For values of k where E (/Z) —

0 states are near the Fermi level, in undoped graphene. These states are responsible
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for electron transport in graphene. As shown if Fig. 1.3 (a), on the first look there
are six valleys that satisfy this condition. However, if the first Brillouin zone is
defined as shown by the dashed line in Fig. 1.3 (a), then only one third of each
valley is within the first Brillouin zone, giving total of two valleys near Fermi level.
The exact points of minima are high symmetry points K and K’. These points are
not equivalent, they are chiral, i.e. connected by a reflection operation. This mirror
plane lies perpendicular to graphene’s plane, in a ['-M direction. Interestingly, as
shown in Fig. 1.3 (b), and zoomed-in (c), valence and conduction bands ”touch” at
K and K’ points. This means that graphene is a semi-metal, or a semiconductor
with a zero band-gap. One even more unique property of graphene becomes apparent
from its dispersion relation; near these K and K’ points, dispersion relation is linear.
As an example, this very unique property would result with a zero effective mass of
electrons in graphene.

It is a common practice for semiconductors [22, 23] to approximate the dispersion
relation in the vicinity of the points closest to the Fermi level. Unlike graphene’s dis-
persion relation that can be written in a very compact analytical form (Eq. 1.20),
dispersion relations of semiconductors are usually very complicated. To simplify
band structures around those minimal values a Taylor series expansion is most com-
monly used [22, 23]. When the same treatment is applied to graphene, so caled
”Dirac cones” and linear dispersion relation are obtained.

Starting from the matrix equation (Eq. 1.5) and using Eq. 1.18, gives:

E{¢} = [ f ’f ] (0} = E = %[y (1.21)

Here hy is given as (Eq. 1.19). Now by finding a first derivate of hg in the vicinity
of K and K’ and with the respect of k, and k, independently, we can obtain Taylor

expansion coefficients. Starting with the vicinity of K point, gives:

h WV 3at k. 1\ 3at
Ohg _ _Z\/ga 9piV3kaa/2 COS(LG) = iv3a , (1.22)
Ok, | 2 2 Tk 2
h 2at | k t
Oho — A0 ivBkea/2 Sm(ﬂ) = v3a , (1.23)
Oky | 2 2 g 2
The same procedure is repeated in the vicinity of K’ point, giving:
Oh Ooh 1/ 3at
o| _ Oho| _ iv3at (1.24)
Oky | jer Oky |y 2

10
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Oho|  _ _Oho| _ _3at (1.25)
Ok, | Oy |, > '

Note that results for K’ simply follow from the chiral relation with K (mirror

plane in k, direction). This gives Taylor series expansion of hg near K and K’ as:

~ 2\/§atk n \/§atk _ \/gat

hO T
o 2 2 V2

(iky + ky) (1.26)

Ni\/gatk \/gatk _\/§at
o2 T 2

Now the resulting Schrodinger equation expanded around k valleys can be written

ho

(iky — k). (1.27)

as:
0 @( — ik + ky)

Eioy= [ Bt ik 4 ) 0

From here to find the dispersion relation requires solving a two component dif-

{o} (1.28)

ferential equation. The derivation for the solution of this differential equation has
the same mathematical form as the Dirac equation [24]. The detailed derivation is
given in appendix A.2. For this reason K valleys are often called ”Dirac cones”.
Since electrons that occupy states in these ”Dirac cones” are responsible for elec-
tron transport in graphene, they are called ”Dirac fermions”. In the linear regime

energy-momentum Hamiltonian has a form:
Hlin = Upﬁﬁ, (129)

where & denotes Pauli spin matrices and vg is a Fermi velocity of carriers in
graphene. The detailed derivation of Eq. 1.29 is given in appendix A.2.

Eigenvalues of Eq. 1.29 give linear dispersion relation in the vicinity of K points:

The sign 4 in Eg. 1.30 corresponds to the electron and hole parts of the dispersion
relation, and k = |/2| Here, more suitable coordinate system is a cylindrical one,
centered at K point; more details on coordinate transformation are given in the next
subsection. Fermi velocity simply follows from Eq. 1.28, considering p = AV, as:

_ \/gat

~ 106
vp =~ ~ 0833 10°m /5. (1.31)

here, t = 2.575¢eV is taken from [25]. As can be seen, velocity of electrons in

graphene is about three orders of magnitude smaller than the speed of light in

11
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vacuum. It means that carriers in graphene do not travel at relativistic speeds, by
are described by the Dirac equation.

The fact that electron transport in graphene is described by the massless Dirac
equation, makes it possible to use graphene as an effective medium (vacuum) where
relativistic quantum tunneling described by the Klein paradox [26] and other rele-
vant quantum electrodynamics (QED) phenomena can be tested experimentally [27].
In contrast to electrons and holes in condensed-matter physics, which are normally
described by separate Schrodinger equations, electrons and holes in graphene are
interconnected exhibiting properties analogous to the charge-conjugation symmetry
in QED. The two-component wavefunction that describes graphene is very similar
to the spinor wavefunctions in QED, but the ’spin’ index for graphene indicates sub-
lattices rather than the real spin of electron and is usually referred to as pseudospin
.

In high-energy physics, one defines the helicity of a particle as the projection of
its spin onto the direction of propagation, as: n = ¢/|q| [28]. It is a Hermitian and
unitary operator. Here, & represents the true physical spin of the particle. In the
absence of a mass term, the helicity operator commutes with the Dirac Hamiltonian,
and the helicity is a good quantum number. Then, one may identify helicity and
chirality.

For the case of graphene, the same definition for helicity holds, but the Pauli
matrices define now the sublattice pseudospin instead of the true spin. As a con-
sequence, chirality is a preserved quantum number in elastic scattering processes
induced by impurity potentials that vary smoothly on the lattice scale. In this case,
inter-valley scattering is suppressed, and the chirality thus conserved. This effect
gives rise to the absence of backscattering in graphene [29] and is at the origin of
Klein tunneling [28].

Regarding the Klein paradox, graphene has been suggested as a platform to ex-
perimentally observe this effect by M. I. Katsnelson and coworkers [27]. They have
showed that massless Dirac fermions in graphene allow a close realization of Klein’s
gedanken experiment, whereas massive chiral fermions in bilayer graphene offer an
interesting complementary system that elucidates the basic physics involved. In bi-
layer graphene quasiparticles are also chiral and described by spinor wavefunctions,
but have a parabolic dispersion. First experimental observations of Klein tunneling
have been demonstrated in top-gated graphene devices. R. J. Young and coworkers

[30] have shown ballistic tunneling (with 7" ~ 1) through a potential barrier gen-

12
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erated in graphene by a Pd top-gate electrode with only 20 nm length. As a gate
dielectric ~10 nm of hydrogen silsesquioxane and ~20 nm of HfO, have been used.
Klein tunneling through longer barriers (60-1700 nm) have been demonstrated by N.
Stander and coworkers [31], also using a top-gated configuration. There, a mixture
of diffusive and ballistic transport regimes occur, depending on the length of the

channel.

1.1.3. Joint Density Of States function (JDOS)

This sub-section considers derivation of the joint density of states function, and
its guided by [15, 22, 23, 32, 33]. The main goal of chapter 1 is to relate optical
properties of graphene to its dispersion relation, and to provide some guidelines on
what to expect when optical properties of graphene are retrieved by spectroscopic
ellipsometry. The spectral ranges of interest are the visible and ultraviolet (UV).
As it will be discussed in greater detail further in the text, the main contribution
to optical properties in this range comes from the interband transitions. However,
the detailed calculation for the contribution of the interband transitions to the di-
electric function €(w) of graphene is quite difficult. For this reason an approximate
solution is considered, and the interband absorption of graphene is estimated within
the perturbation theory. This will consider the Fermi golden rule, which gives the
probability per unit time W that a photon of energy hAw makes a transition at a
given k point in Brillouin zone; which can be written as:

227'('

W .

(0| H' )26 | EuR) — Ey(R) — ] (1.32)

Here, H' represents the matrix element for the electro-magnetic perturbation, and

is given by:
eAp
me

H' = (1.33)

Fermi golden rule exploits the fact that the wave vector for the light is small

compared to the Brillouin zone dimension. Let us estimate this. Considering the

visible and UV ranges, the wave vector for the light is in the order of 10*cm ™!

1

while Brillouin zone dimensions are in the order of 108¢m™!, giving a four orders

of magnitude difference. In Eq. 1.32 ¢ stands for a delta function and represents

13
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energy conservation at E, which as discussed is well justified. Furthermore, in Eq.
1.32 ¢ and v stand for conduction and valence band states, respectively.
By integrating Eq. 1.32 over k in the entire Brillouin zone, the following relation

is obtained:

2 2 - -
W= 2 /|<U|H'|c>|2p [ B(F) — E.(F) — | dh. (1.34)
T
BZ
Here % comes from the integration in two dimensions. Let us assume that
|(v|H'|c)|? is independent of k, or at least that its change with changing k could

be neglected in comparison with a delta function. This significantly simplifies the

integral over E, giving:

2m , 2 - -
Wi = = |(ulH c)[? ywe /5[Ec(k) — E,(k) — hw| d®k. (1.35)
BZ

The integral in Eq. 1.35 represents the number of states per unit volume per unit
energy range which occur with an energy difference between ¢ and v bands equal
to the photon energy. This is the definition of the joint density of states (JDOS)

function, and its written as:

P (i) = 4% 5[ BL(F) — B, (R) — hw] k. (1.36)

It would be very convenient to convert the integral over k space into the integral
over energy. This could be simply carried out by introduction of as constant energy
line (surface in 3D case) S in k space such that the constant energy difference is
exactly the photon energy: E. — E, = hw. Then SdS would be a constant energy
surface in k space. Here d?k = dSdk,,, and k, is an element of a wave vector normal

-

to S. Now, simply by using a definition of a gradient of E(k) as:
IViE(K)|dk, = dE, (1.37)

and considering the energy difference between ¢ an v bands:

Vi(E. — E)|dk, = d(E. — B,), (1.38)

results with the relation between the integration over k and integration over en-

ergy:
d(E. — Ey,)

|vk(Ec - Ev)|

A%k = dk,dS = dS (1.39)

14
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Figure 1.4.: Graphene’s joint density of states function, numerically calculated from
the dispersion relation (solid line) and a linear approximation (dashed
line). Inset shows enlarged part of JDOS in the energy range where
deviation from the linear approximation does not exceed 10%. Following

values of parameters were used: ¢t = 2.575eV and a = 0.2459 nm

By returning Eq. 1.39 into Eq. 1.36 gives:

dSd(E, — E,) §(E. — E, — hw)
poti = 2 [ [SMEENAEF)

By carrying out the integral over d(E. — E,), gives:

ds
472 |\Vi(E. — E,)|

Pcv(hw) =

(1.41)

Ee—Ey=hw
Until this point derivation of JDOS was quite general, restricting only to a two-
dimensional case. Now let us introduce the dispersion relation of graphene (Eq.
1.20), obtained within a tight binding approximation. Quite simply, the difference
between the energy of the conduction and valence bands at a given k is described

as:
E,— E, = 2|E(k)]. (1.42)

Returning into Eq. 1.41 results with the joint density of states function for

graphene:

2 ds
o) = 15 | s )

Eq. 1.43 could be analytically solved when only the nearest neighbor hopping is

2\E(E)|:hw'

considered. It’s solution is very similar to the solution of graphene’s and graphite’s

15
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density of states functions [20, 34]. The solution contains a complete elliptic integral
of the first kind. However, there is a much faster way to numerically calculate both
density of states and joint density of states. Numerical code used for solving the
integral in Eq. 1.43 is given in appendix C.1 and its based on a simple histogram of
the dispersion relation. The results of numerical solution of Eq. 1.43 are shown in
Fig. 1.4, with parameters t = 2.575eV | a = 0.2459 nm and k point sampling of only
10~*em™! (for more computational details see appendix C.1). Used hopping energy
is taken from [25] where it has been obtained from ab-initio calculations without
consideration of electron-hole interactions.

Let us first focus on the low energy part of JDOS. Equation 1.30 represents the
linear approximation of graphene’s dispersion relation. Before returning it to Eq.
1.43, let us change the coordinate system from Cartesian to cylindrical, since in
the linear approximation the dispersion relation is represented by Dirac cones, this
gives:

|E(p, )| = vehp. (1.44)

A standard cylindrical coordinate system transformations were used: k, = pcos (¢),
k, = psin(p), and p = /k2 + k2. Now let us calculate V2|E| using the linear dis-

persion relation (Eq. 1.44) in a cylindrical system:
20
V,o(2|E|) = Z—vahp + ;—’Uth = 2uph. (1.45)

Now returning to Eq. 1.43 gives:

2 ds
Pev(hw) = — /— , 1.46
") =022 | @B L) e (1.46)
1 1
h)= — [dS= —— . A, .27 p. 1.4
pC’U( ) 471'2"01:71/ S 47T2UFh C ™ p < 7)

Here, A, stands for the unit cell area and is given as A, = 3v/3a?/2. By returning
Eq.-s 1.31 and 1.44, into Eq. 1.47, gives:

A V3

B 4o h? Toom2

Pev(Iw) (1.48)

In the vicinity of K points (Dirac cones) joint density of states function is expected
to be a linear function of energy. Inset of Fig. 1.4 shows linear JDOS compared
to JDOS calculated numerically, as previously described. Deviation from the linear
JDOS approximation greater than 10% occurs for the energies that are greater than

3 eV. This indicates that linear approximations of the dispersion relation and the

16
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joint density of states function of graphene are valid even for incident photon energies
in the visible spectral range. Let us now focus on the part of the spectra where the
linear approximation is not valid (fuv > 3eV, i.e. in the UV range).

In Fig. 1.4 there is a distinct maximum at energy that equals 2¢. This would
be a point of interest in the joint density of states function. At this point (when
hww = 2t) denominator in Eq. 1.43 vanishes. These points in energy are called joint
critical points, or van Hove singularities [22, 23]. Around these critical points, the
photon energy is effective in inducing electronic transitions over a relatively large
region of the Brillouin zone, compared to transitions away from these critical points.
In general, critical points occur at high symmetry points in Brillouin zone. These
points give rise to "features” observed in the optical properties. Positions of these
features are related to photon energies that are required for an interband transition
of an electron in the vicinity of a high symmetry point in Brillouin zone.

As will be discussed in detail later on, the ”feature” seen in Fig. 1.4 at Aw = 2t is
a logarithmic or M1 van Hove singularity that corresponds to interband transitions

in the vicinity of M point in the Brillouin zone of graphene.

1.1.4. Van Hove singularities in two dimensions

As it was previously discussed (Sec. 1.1.3), for the case when a denominator in Eq.
1.43 vanishes, JDOS function has a critical point, or a van Hove singularity. Critical
points are classified into categories based on weather the band separation increases
or decreases as we move away from the critical point [22, 23]. This information is
obtained by expanding the energy difference function E.(k) — E,(k) (i.e. a joint

dispersion relation) into a Taylor series around the critical point (lgo), as:
Ec(]g) — EU(IZ) =~ Eg(k_g)) -+ al(kl — k‘()1>2 + CLQ(k?Q — k02)2 —+ ag(k’g — k)og)g =+ ... (149)

Here Eg(k,%) represents the energy gap at the critical point and number of compo-
nents (1,2,3...) represents the number of dimensions of Eg(lg), ie. x, y, z directions.
Here, parabolic approximation is assumed, and Taylor expansion coefficients are

calculated as a partial second order derivative of the energy difference at the critical
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Figure 1.5.: Schematic representation of the classification of critical points in 3D
(top), 2D (middle) and 1D (bottom) [23]. In all sub-figures x-axis rep-
resents photon energy hw, while y-axis represents JDOS for a quadric
dispersion relation. Vertical lines represent critical points.

point (ko):

2 - .
- o E.(k) — B, (k)] . (1.50)

The classification of the critical points is made according to how many of these

2&1‘

Taylor expansion coefficients are negative. In a case of a 3D system there are four
different types of critical points, in a 2D system there are three, and in a 1D system
only two. Figure 1.5 shows typical profile of JDOS for all the possible types of critical
points. These typical profiles of JDOS are obtained for a parabolic approximation
in the vicinity of the critical points. Furthermore, Figure 1.5 shows schematically
(right side) carbon based materials in 3D, 2D and 1D. As an example, optical spectra
of carbon nanotubes are enhanced by the fact that for all possible critical points
JDOS tends to infinity. This makes possible the detection of resonant Raman, and
infra-red spectra from a single carbon nanotube [35, 36, 37].

A common examples of a critical point in 3D, are related to interband transitions
with minimal photon energies that can overcome the band-gap of a semiconductor.
These points are usually MO0 critical points, meaning that all three a; coefficients are
positive. There are two possibilities that do satisfy this condition, minimum in both

bands and a minimum in one and maximum in the other band. These two cases
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would correspond to direct and indirect band-gap semiconductors, respectively.
Let us now examine the case of interest here, the critical point in JDOS of graphene
at photon energy hiw = 2t. Considering t = 2.575eV [25], this critical point is
expected to be deep in the UV region. As can be seen from the dispersion relation
of graphene (Eq. 1.20 and Fig. 1.3) this critical point corresponds to the interband
transitions of an electron at the M high symmetry point in the Brillouin zone.

-,

By expanding the EC(E) — E,(k) function of graphene around M point, gives:

Eo(k) — B (k) = 2|B(E)| = 2| E(kar)| + Y ai(ki — ki) - (1.51)
1=x,y
Here, the band gap at M point simply gives 2|E(EM)| = 2t, while the Taylor

expansion coefficients could be obtained as:

0? kya* k 3k,
2ai:2t—{\/l+4cos%a +2008La-cos\/_ a].

e ; > (1.52)

Carrying out the partial second order derivative (details in App. A.3) gives:

0? - 2t
0? { - 10t
a4y = - 2|E(k;)|] - <. (1.54)
Ok? V3

Now, by returning Eq.-s 1.53 and 1.54 into 1.51, gives the Taylor series expansion
of the graphene’s joint dispersion relation in the vicinity of the M point:
2t 2T )2

B

The result of the calculation of Taylor expansion coefficients gives us a; > 0

E (k) — E,(k) ~ 2t + (k). (1.55)

and as < 0, meaning that the M point singularity is so called M1 type, or a 2D
saddle point singularity, or logarithmic singularity. Interestingly this indicates that
for the M point interband transition energies, JDOS function has a logarithmic
discontinuity, theoretically giving an infinite number of states that could contribute
to the interband absorption of a photon with an energy that corresponds to the
interband transition at M point, i.e. lw = 2t. It is worth mentioning that M point
interband transition do occur away from the linear part of the dispersion relation of
graphene (fiw > 3eV’), meaning that parabolic band approximation employed here
is valid.

As it will be discussed in the next section of the introduction, logarithmic van

Hove singularity is expected to result with a theoretical 100% light absorbtion at
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Figure 1.6.: Schematic representation of the shift of the Fermi level Er with respect
to the charge neutrality point (CNP) or ”Dirac point”. (a) EFr < CNP
gives holes as majority carriers (p-type). (b) Er = CNP equal contri-
bution of both electrons and holes. (¢) Er > CNP gives electrons as

majority carriers (n-type).

hw = 2t even for a single-layer graphene. When various sources of broadening are
introduced, theoretical 100% absorption is reduced to a more realistic value (10-

20%), still giving a prominent absorption peak in the UV range.

1.1.5. Electric field effect in graphene

Before focusing on optical properties, this sub-section will discuss on one of the
most important effects in graphene, the electric field effect. Here, only a short
overview of the subject is presented. More details on device fabrication and electrical
characteristics measurements are given in Sec. 2.1.5 and 2.2.5, and appendix B.4.
By "the electric field effect” it is referred to a possibility to control electrical
properties of a material (as resistivity) by an externally applied electric field. This
concept has been employed in field effect transistors, and a most common example
would be a metal-oxide field effect transistor (MOSFET'). However a question stands,
is it possible to make an all metallic transistor? For this, a channel would have to
be made out of metal, similarly as electrodes and external leads are made. The
benefits of such approach would be much lower residual resistivity of the channel,
higher current densities, and consequently higher operating frequencies. However,

free carriers in metal would screen the external electric field, and would significantly
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reduce the electric field effect. As an example, let us consider a MOSFET channel
made out of very thin gold film. Some thinnest possible continuous gold film that
could be made are still several nanometers thick (usually ~7 nm). If we were to
apply an external electric field of the order that is near the breakdown field of SiO,
(~1 V per nm), resulting channel resistivity modulation would be only about 1% of
the total channel resistivity, rendering the device useless.

The obvious choice would be to fabricate thinner metal films, however quality
and continuity of these films is the major issue when reducing their thickness below
several nanometers. An ideal case would be to have an atomically thin single crystal
material. Until discovery of graphene[1] this was considered as impossible, and al-
ternative candidates such as carbon nanotubes were used in various proof-of-concept
devices [38, 39, 40, 41, 42].

The main advantage of graphene is the fact that a single atomic layer has a
well defined crystal lattice, stable at ambient conditions and room temperature.
Furthermore, graphene is semi-metal, meaning that near the Fermi level there are
very few electronic states that can contribute to the current flow, as well as to the
screening of the external electric field. As a result the field modulation of ~10x
are commonly reported in graphene at room temperatures. Compared to metallic
channels where the same modulation is ~0.01x . Graphene gives three orders of
magnitude better electric field modulation of the channel resistivity than if the
channel was made out of the thinnest possible metallic film.

This field modulation could be imagined in a manner where Fermi level is shifted
by the applied field with the respect to the Dirac point. Dependent on the direction
of the shift, more electron or hole states will be available near the Fermi level and
as a result electrons or holes will become majority carriers in graphene. This is
schematically represented in Fig. 1.6. This effect is referred to as "electric field
doping”. Commonly, when graphene’s resistivity is measured, Dirac point is referred
to as charge neutrality point (CNP), since at this point both electron and hole
contribution to the current flow through graphene channel is equivalent. As it was
previously stated, electrons that do contribute to the current flow lie in states near
the Fermi level. Even for very high applied external fields (e.g. through electrolytic
gating [43]) linear approximation of the dispersion relation is valid.

One of the most simple approaches to measure electrical properties of graphene
is so call two-point-probe setup (2pp). Here direct current (DC) total device re-

sistivity can be measured as a function of an applied back-gate voltage. For this
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Figure 1.7.: (a) schematic representation of the two-point-probe (2pp) measurement
setup. (b) source-drain resistivity Ry as a function of a back-gate volt-
age Vpg. Top-left inset of (b) shows conductivity of graphene channel
with deduced contact resistivity, while bottom-right inset of (b) shows
a microscope image of the device with gold electrodes on the top and

bottom.

purpose graphene is commonly supported by a substrate that serves at the same
time as a back-gate electrode, as doped silicon wafer with a thin insulating layer
of silicon-dioxide (SiO5/Si). Graphene, as a channel material, is deposited over the
oxide surface and two electrical contacts are fabricated. These contacts are usu-
ally defined by a lithography process (for more details see Sec. 2.1.5 and App.
B.4). Now by applying a constant (DC) electric field between one of the contacts
and a silicon substrate, Fermi level in graphene can be modulated. In order to re-
trieve the information on the Fermi level shift, an additional contact is required,
or a significantly more elaborate setup to determine the position of the Fermi level
in graphene [44, 45]. Simply by measuring the change in resistivity between two
contacts on graphene, the position of the Fermi level relative to the CNP can be
obtained, as well as carrier mobility, type and the amount of unintentional doping.
Figure 1.7(a) shows schematic representation of the 2pp experimental setup, while
Fig. 1.7(b) shows a typical total source-drain resistivity as a function of the applied
back-gate voltage. Maximum in Ry(V},) curve indicates position of the CNP. If
the Vj, polarity is set as shown in 1.7(a), then the left side from the CNP peak has
holes as the majority carriers, while the right side has electrons. Slope of the curve
can be related to carrier mobility. As can be seen in Fig. 1.7(b) the entire curve is

shifted upwards for a constant value, this value represents resistivity of the external
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contacts.

More details on how to interpret DC measurements of graphene’s electrical prop-
erties, as well as how to modify graphene through the applied voltage are shown
later in the text. For now, let us focus back on the optical properties of graphene
and see how does logarithmic M-point van Hove singularity in the JDOS of graphene
affect interband absorption and the complex dielectric function of graphene both in

the visible and in UV ranges.

23



1. INTRODUCTION

1.2. Optical properties of graphene

This section focuses on optical properties of graphene. Spectral ranges of interest are
the visible and UV. In these ranges spectroscopic ellipsometry measurements are car-
ried out (see chapter 4: SPECTROSCOPIC ELLIPSOMETRY OF GRAPHENE).
In these spectral ranges interband transitions have a major influence on the optical
response of graphene.

First subsection (Sec. 1.2.1) discusses interband transitions in general and presents
a derivation for an interband absorption coefficient in the framework of an elec-
tromagnetic perturbation theory. Later on this method is applied for the case of
graphene. Especially, the influences that a linear dispersion relation approxima-
tion and M-point van Hove singularity in JDOS have on the optical properties of
graphene are discussed. Afterwards, in Sec. 1.2.2 the influence of electron-hole in-
teraction on the optical properties is briefly considered in general, with the focus on
hyperbolic excitons.

Next, an overview of the literature regarding optical properties of graphene is
presented in subsections 1.2.3 and 1.2.4. The former focuses on the linear dispersion
relation regime (the infrared and visible ranges), and a possibility to modify optical
properties of graphene by electrostatic gating (Pauli blocking). Afterwards, a short
overview of the literature focusing on the ellipsometric measurements of graphene’s
optical properties, and sample thickness are presented.

The final subsection 1.2.4 gives an overview of the reported data regarding the
optical properties of graphene in the UV range. Here a prominent absorption peak
arises from the critical point in JDOS. Furthermore, a signature of many-body
interactions in graphene that is visible through its optical properties is discussed
here, an exciton-shifted van Hove peak in absorption. Finally, a possibility to modify
this prominent absorption peak through electrostatic gating, ambient or substrate
interaction is discussed. The mechanism controlled here is the relative strength
between electron-electron and electron-hole interactions that as a consequence have

significant changes of the peak’s position, width, intensity and asymmetry.
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1.2.1. Direct interband transitions

This subsection presents a short overview of the interband transitions in general
[22, 23, 46, 47|, afterwards focusing on the case of graphene. Here, the results for
graphene’s joint density of states function (obtained in Sec. 1.1.3) are employed.
The exact calculations of graphene’s optical properties [25] go beyond the scope of
this dissertation. Thus the goal of this sub-section is only to estimate the opti-
cal properties of graphene in the visible and ultraviolet ranges and to relate them
to the dispersion relation and JDOS. This is carried out by calculating the inter-
band absorption of graphene in perturbation theory. Also, here Pauli blocking is
neglected by assuming that the Fermi level is exactly at the Dirac point. Pauli
blocking is discussed later on (Sec. 1.2.3). Furthermore, it is worth mentioning
that this subsection and several other use both centimeter-gram-second (CGS) and
meter-kilogram-second (MKS) systems of units to better suite a particular case, and
whenever need the differences were accounted for.

One of the most important technique for characterization of solids are optical ab-
sorption measurements. This is one of the simplest experimental setups in the solid
state spectroscopy, yet it can give a clear insight into various processes occurring in
a solid at the atomic level. Let us focus on the interband transitions and their affect
on the absorption of light. Here one of the most important observable values is the
absorption coefficient ayps(fw). It is defined as the number of transitions at a given
photon energy (hw) per unit volume, per unit time, per incident electromagnetic
flux.

The incident electromagnetic flux can be calculated using Poynting vector, as:
§=f4kﬁ?xﬁ}. (1.56)
8T

Here ¢ stands for the speed of light in vacuum. The electromagnetic field variables

E and H could be related to the vector potential fT, as:

- 10 - dw -
pH=B=VxA. (1.58)

Here a non-magnetic material is assumed (u = 1), and by taking the the curl
of A while considering the vector potential as A= Aoexp(i[? 7 — iwt), where K is

the propagation constant for the light, gives H =iK x A. Now, by returning the
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electromagnetic field variables, expressed through the vector potential into eq. 1.56

gives:
S= " Re {—@/T* x (iK x A’)} , (1.59)
8 c
o w BN (I AT
S = 873@{(14 K — (A K)A} . (1.60)

— —

Considering the case of a transverse plane wave (A* - K = 0), eq. 1.60 becomes:

§= 242K, (1.61)

8T ¢

Here n stands for the real part of the refractive index, while K is the unit vector
along the propagation direction. The other part required for the absorption coef-
ficient is the transition probability per unit time, per unit volume. This can be

calculated using Fermi golden rule:
2T 9

Here, p.,(hw) is joint density of states function, obtained in Sec. 1.1.3. Further-
more, at finite temperatures, Fermi distribution should be considered in a sense
that at a given photon energy hw there has to be an electron in the valence band,
and there has to be an unoccupied state in the conduction band for the interband

transition to occur. This can be written as:

Here, f stands for the Fermi-Dirac distribution, and in the case of optical prop-
erties of graphene in the visible and UV, it is safe to assume that all the states in
the valence band will be filled, while all the states in the conduction band will be
empty, and the temperature dependence can be neglected at room temperatures.

The matrix element |H_|[* in Eq. 1.62 can be written in terms of the electromag-

netic interaction hamiltonian:

e

H;, = (| Hpplo) = (| A7, 1) - ple) . (1.64)

mc

The wave vector of the light K is small relative to the Brillouin zone dimensions, as
a result the spatial dependence of the vector potential can be ignored. Considering

this and taking the square of the absolute value of Eq. 1.64 results with:

2 € \? 42 2
[H = (=) APl elplo)]?. (1.65)
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Here (v|p|c) couples states with the same electron wave vector in the valence
and conduction bands. Let us assume that |(v|p|c)[? is slowly varying with & in
comparison to the joint density of states function pe,(hw), then |(v|p|c)|* could be
considered as independent of E, similarly as in Sec. 1.1.3.

Now lets return to the absorption coefficient agps(fuw) considering Eq.-s 1.61, 1.63

and 1.65 :

oo (152) TAPI0lple) P () F(B2) — ()

Otgps (hw) = PRIy , (1.66)
8w ¢
167T262h Pev hw
0u(9) = Ry L) (1.67)

If n could be considered as a constant, which will be shown later on that is a
good assumption in a certain spectral range (NIR and parts of the visible), then the
absorption coefficient would be the function of joint density of states per incident

photon energy:
- pcv(hw)
o

It is convenient to relate the optical absorption coefficient to the imaginary part

Qaps (Aw) (1.68)

of the dielectric function, or to calculate the absorption using Beer-Lambert law.

The former could be easily expressed as:

e2(Nw) = E%bs(hw% (1.69)
) = (e uple) L), (1.70)

If (v|p|c) is considered as constant, the imaginary part of the dielectric function
depends on the joint density of states function per square of the incident photon

energy:
pcv(h"‘})
(hw)?

In order to calculate how much light would a graphene layer with thickness d

GQ(hW) X

(1.71)

absorb, lets assume that there is a parallel beam of light with intensity I, propagating
perpendicular to the plane of graphene (shown in inset of Fig. 1.8). Graphene layer
has the absorption coefficient ayps. The intensity of the beam transmitted through

graphene (I) is given by Beer-Lamberts law, as:

I = Ilpe s =T .. (1.72)
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Figure 1.8.: Absorption of a free standing single-layer graphene sheet calculated
from the joint density of states function (shown in Fig. 1.4). Scaling
parameter was estimated in the low energy limit, and was found to be:
C = 1.6725eV?/nm. Thickness of graphene used to calculate the ab-
sorption was fixed to the inter-layer spacing of graphite (d = 0.334 nm).

Only interband transitions have been accounted for.

Here T stands for the transmittance. If reflection is neglected, absorbance is then

obtained as:

Iy = Aly + Ty, (1.73)
A=1— e @bt (1.74)

Let us now focus on the case of graphene. As was shown in Eq. 1.68, absorption
coefficient is a function of JDOS per incident photon energy. Assuming that the real
part of the refractive index n and (v|p|c) are constant, absorption coefficient could

be written as:
Pev(Aw)
P

Here C'is the scaling parameter. It is obvious that if JDOS is linear with Aw then

Qs (hw) = C - (1.75)

absorption coefficient has to be constant. In the part of the spectra where linear
dispersion relation of graphene holds, optical conductivity of graphene is equal to
the universal optical conductivity: oy = e€?/4h. This translates to absorption by a
single layer graphene of T, where « stands for the fine structure constant o ~ 1/137.
Now scaling parameter can be easily evaluated using Beer-Lamberts law, relation for

linear JDOS (Eq. 1.48) and taking thickness of graphene to be d = 0.334 nm (inter-
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layer separation in graphite), resulting with C' = 1.6725¢eV?/nm. The detailed
derivation of graphene’s optical conductivity is given in appendix A.4, in the region
where a linear dispersion approximation holds.

Now, let us use numerically calculated JDOS, and return it to Eq. 1.75. The
results are shown in Fig. 1.8. Since scaling parameter is obtained in the low energy
limit, absorption there is set to ma. As expected, a prominent peak in absorption
appears in the UV part of the spectra (exactly at 2¢). This peak corresponds to
the logarithmic van Hove singularity in JDOS function of graphene. The prominent
peak is positioned at the energy that corresponds to the interband transitions in the
vicinity of the M point (saddle point) in Brillouin zone.

This dissertation considers optical properties of graphene in the visible and ultra-
violet ranges (~1-5.5 eV). As it was shown in this and previous section, starting only
from the crystal structure and only one parameter ¢ (the nearest neighbor hopping
energy), considering a tight binding approximation and considering only interband
absorption calculated within the perturbation theory, two main features arise. First,
at lower energies, in the near-infrared (NIR) and most of the visible (hw < 3eV)
range, absorption coefficient can be considered as constant. This was shown to be
a consequence of the linear approximation of the dispersion relation. Further dis-
cussion and experiments confirming this are presented in the following subsection
(Sec. 1.2.3). The other feature of interest in the optical properties of graphene lies
in the UV range. As described, it is manifested as a pronounced absorption peak
which is related to M-point Van Hove singularity in JDOS. Experiments confirming
this, and also showing excitonic shift related to this absorption peak are shown and

discussed in Sec. 1.2.4.

1.2.2. Electron-hole interaction, excitons

A neutral Coulomb correlated electron-hole pair can form when a photon is absorbed
by a non-metal, or by a material with low carrier concentration at the Fermi level.
An incident photon excites an electron from an occupied state in a valence band,
into an empty one in a conduction band. This process leaves behind a positively
charged hole, or a missing electron in the density of the ground state from which

the electron was removed. The negatively charged electron is then attracted by the

29



1. INTRODUCTION

hole by Coulomb force. Furthermore, this attraction is weakened by the screening
reaction of the electronic system to the excited electron-hole pair. This gives rise
to a new neutral excitation in the electronic system, a new quasiparticle, an exciton
[48].

An electron-hole pair subjected to Coulomb interaction leads either to bound
states or scattering states. In the case of the bound states, the total energy of
the electron-hole pair is smaller than the sum of the eigenenergies of the individual
particles. This commonly leads to a formation of discreet states below the band gap.
On the other hand, the scattering states are commonly characteristic for the electron-
hole pairs that are excited above the band gap. In this case excitons are much
harder to detect in the optical spectra, and these scattered excitonic states usually
contribute to an increase of the absorbtion, with the respect to the independent-
particle picture. Commonly the excited electron-hole pair is called ”exciton” only
when it is excited in a bound state.

It has been well documented that excitons give rise to prominent features in optical
spectra of semiconductors and insulators near the energy of a band gap [48, 49].
These are the lowest energy, or MO critical point excitons. They are characteristic
since the bound excitonic states are formed within the band gap, meaning that they
do not overlap with the band states. There are two extreme models used to describe
the electron-hole interaction in this case.

The Wannier-Mott model assumes that the electron-hole interaction is weak (in
the order of ten millielectron volts). The effective-mass model is employed and the
hydrogen atom like Hamiltonian results. The radii of the exciton ”orbits” in this case
are at least several interatomic spacings or larger. This is usually the case for small
band-gap semiconductors with small effective mass and high dielectric constants.

The other extreme model is the Frenkel exciton. In this case the electron and
hole are localized on one site or a small number of sites. It basically represents
an excited atom or ion in the crystal. Much smaller exciton radii than in the case
of Wannier-Mott excitons gives much larger exciton binding energies. There are
also charge transfer excitons, that are characteristic for MO transitions. These are
characteristic for ionic crystals and molecular crystals (e.g. pentacene). Although
there is an underlaying mechanism for the charge transfer separation, these are
usually interpreted as Frenkel excitons.

More important for the thesis are electron-hole interactions that do occur away

from the MO threshold. The electron-hole interaction is present for electron-hole
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pairs produced by exciting any electron to any excited state, not just at M0O. At
an M1 critical point any discrete bound electron-hole pair will be degenerate with
other excited states into which it may decay. Such excited state is called a hyperbolic
exciton. These states are observable in optical spectra if the decay times are not
too great.

In the case of a hyperbolic exciton, the excitonic states are not independent of
the band states. As a result, the absorption spectra are not simply the sum of the
two individual spectra, as it would commonly be the case for MO excitons. The final
excited state of the system is a superposition of both the discrete and continuum
excited states. When this superposition is used to evaluate the electric-dipole matrix
element, interference effect occur upon squaring, and the strength of the coupling
of two types of excitations has a strong effect on the appearance of the resultant
absorption spectra [49]. These are seen as shifts of the absorption peak, broadening,
and an appearance of a dip on either high- or low-energy side of the peak. Such
effect was first described by U. Fano [50], and the resulting line shapes are called
Fano lines, or Fano resonant profiles. For this reason, hyperbolic excitons give rise
to Fano line shapes in the absorption spectra, away from the band gap.

Interestingly, M1 exciton formed in graphene is most likely the best and most
prominent example of a hyperbolic exciton. This is the case mainly due to the
confinement in two dimensions, which both increases exciton binding energy and
reduces screening by the electronic system. Experimental observations of a hyper-
bolic exciton in graphene will be discussed in greater detail further in the text (Sec.

1.2.4).

1.2.3. Previous studies in optical properties of graphene

This sub-section is focused on previous studies of graphene’s optical properties, and
will present a current state of research in this field. Later, the following subsection
(Sec. 1.2.4) will focus on the current state of research regarding optical properties
of graphene in the UV, and the exciton-shifted van Hove peak in absorption.
Graphene strongly interacts with light making optical spectroscopy a powerful
tool for probing the unusual physics of graphene [51]. This strong light-matter

interaction allowed for the initial discovery of graphene [1], since one single atomic
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layer can absorb as much as ~2.3 % [52, 53, 54, 55, 56, 57, 58, 59, 60]. This
allowed for graphene to be "found” or more precisely visualized by an ordinary
optical microscope. Here a Fabry-Perot interference, commonly introduced by an
underlaying thin SiO, layer is used to enhance the visibility of graphene [61, 62, 63,
64]. One of the contribution of this dissertation is the application of Fabry-Perot
interferences to enhance the sensitivity of ellipsometric measurements, and increase
the reliability of the obtained optical properties of graphene (will be discussed later
on, in chapters 3 and 4).

Light absorption in graphene could be separated into two major components:
intraband and interband [44, 47, 53, 65, 66]. The relative importance of each com-
ponent depends largely on the spectral range of interest. In the far-infrared region,
the optical response of graphene is dominated by the free-carrier, or the intraband
response [47, 53, 67]. In this region optical response is well described by the Drude
model. The interband contribution is here neglected. There are two justifications
for this. First, intraband contribution is much larger than the interband contribu-
tion in this range. Second, in the realistic case of graphene some minimal amount of
doping is inevitable, this will result with Pauli blocking and will prohibit interband
transitions.

For the incident photons with energies above ~100 meV (mid-IR) the intraband
contribution can be neglected [47] and the optical response is dominated by the
interband component. Interband contribution to the absorption function was dis-
cussed in the previous section. As describe there the interband response is frequency
independent in the mid- and near-IR as well as a large part of the visible (up to
about 3 eV). Optical conductivity can be calculated from the dispersion relation
obtained within the tight-binding approximation [47, 52, 53, 54, 55, 59, 68]. In the
linear dispersion regime (Eq. 1.30) absorption coefficient, and consequently optical
conductivity is determined solely by fundamental constants o(w) = me?/2h. As it
was shown, this corresponds to an absorbance of A(w) = ma & 2.3%. This was
experimentally confirmed by reflection measurements in the near- and mid-IR by K.
F. Mak and co-workers [58], and transition measurements through suspended single-
and bi-layer graphene in the visible, by R. R. Nair and co-workers [60].

The independence of the interband optical absorption on both frequency and
material properties (as encoded in the Fermi velocity vr) is the consequence of
the linear approximation. The absorption coefficient of graphene obtained within

perturbation theory, and with linear approximation, gives perfect cancelation of
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both Aw and v, thus resulting with a constant value that is neither frequency nor
material property dependent. As it can be shown a square of the transition matrix
element is proportional to v%, since k (or hw) dependence has been neglected. Joint
density of states, as it was shown in Eq. 1.48, is proportional to Aw/v%. Finally,
the product of these two need to be divided by the incident photon energy of hw
(Eq. 1.66), thus giving the perfect cancelation of both fiw and ve. In a sense
this comes from the 2D analysis of graphene, since Hamiltonian describing linear
bands (Eq. 1.30) has no intrinsic energy scale with which to compare the incident
photon energy, thus being both frequency and material property independent. This
is just an approximation, and is not a realistic case. However, as it is show by [58],
this is a very good approximation. K. F. Mak and coworkers [58] have shown that
absorption of a single layer graphene in the spectral range from 0.5-1.2 eV is equal
to ma £10%. Furthermore, number of different graphene samples, with different
unintentional doping (as seen by position of 2Fr and as a consequence of Pauli
blocking), still had the same absorption in that spectral range. This in a sense
confirms independence of the material properties. In a more realistic case second
nearest neighbor hopping, w dependence of the matrix element, triangular warping
[17, 35, 37], or even many-body interactions at low photon energies [69], all need
to be included in the absorption calculation. These would result with a correction
to the optical conductivity of graphene obtained within linear approximation of the
dispersion relation.

The linear model, although very good in a certain range (0.5-3 eV), fails both at
lower and at higher energies. The former is a consequence of Pauli blocking, while
the later is the consequence of the van Hove singularity (see Sec. 1.2.4). Let us
now focus on the lower limit of the linear model for absorption. As it was stated, in
Sec. 1.2.1 Pauli blocking is neglected, and linear model is used also at zero energy.
This approximation is valid if considered that Fermi level lies exactly at the Dirac
point. However, this is not a realistic case, and as was discussed in Sec. 1.1.5, some
unintentional doping is inevitable. As a consequence, Fermi level will not lie exactly
at the Dirac point. Let us assume that the sample is slightly n-doped, i.e. that
the Fermi level lies above the Dirac point. This means that interband transitions
with photon energies lower than 2FEp (where Ep is the Fermi energy relative to
the Dirac point), will be forbidden, since there will be no unoccupied states in the
conduction band. This is schematically represented in Fig. 1.9(a). Similarly in a

case of p-doping, for photon energies lower than 2FEr there will no electrons in the
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valence band (schematically represented in Fig. 1.9(b)). This effect is referred to
as Pauli blocking of the interband transitions. Linear dispersion approximation is
still valid here, so only by slightly changing the absorption (or optical conductivity)
function we can account for the Pauli blocking still within the linear regime. This

can be simply carried out as in [47, 59, 70]:

7T62 hw + 2EF
O'(FLQ)) tanh (W

_E )-l—tanh(

M)] (1.76)

AkgT

Here kgT accounts for the thermal broadening, where kg is Boltzmann constant.
For T — 0K the expression within the brackets becomes Heaviside (step) func-
tion h(hw — 2FEp). If local impurities are taken int account, further broadening is
introduced.

Furthermore, if the Fermi level in graphene is shifted by the electrostatic gating
(as shown in Sec. 1.1.5), it is possible to manipulate optical properties of graphene as
well. This was first demonstrated by Z. Q. Li and coworkers [44], through reflectance
measurements in the mid-IR range. Here graphene was connected to a circuit with
several Ohmic contacts, and the position of the Fermi level was controlled by a DC
back-gate voltage. Figure 1.9(c) shows the real part of optical conductivity reported
n [44], for various back gate voltages (relative to CNP) from 10 V to 70 V. This
demonstrates the control of Pauli blocking of interband transition in graphene by
electrostatic gating. However, electrostatic gating is limited by the breakdown of
the oxide layer. Some highest possible carrier concentrations achievable through

electrostatic gating are ~ 5 x 102 em™1.

Considering n = E%/mh*v% gives the
corresponding shift of the Fermi level of 200-250 meV. This means that optical
properties of graphene can be manipulated by electrostatic gating in the mid-infrared
region [44]. However to introduce even higher carrier concentrations and to shift
2Er further to the near-IR and visible, an electrolyte gating is used [43, 45, 71, 72].
This concept utilizes so called proton gels, similarly as in Li-ion batteries. Through
electrolyte gating it is possible to induce carrier concentration as high as 104 em ™1,
which corresponds to the shift of the Fermi level even over 1 eV. This way it is
possible to put the edge of the Pauli blocking all the way into the visible range (~2
eV or 620 nm) [43].

Next subsection (1.2.4) will discuss on the upper limit of the linear model and on
the exciton-shifted van Hove peak in absorption. But prior to that, let us focus on

various techniques that have been employed to analyze optical properties of graphene

thus far, with focus on ellipsometry. As already stated, various reflection [43, 44,
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Figure 1.9.: (a) and (b) schematic representation for Pauli blocking of the interband
transitions in graphene for p-type and n-type doping, respectively. (c)
real part of graphene’s optical conductivity (reprinted from [44]), for
various voltages (10-70 V) applied in a back-gate configuration. Inset

of (¢) shows a microscope image of the device.

58, 65] and transmission [60, 73] measurements of graphene have been carried out.
However reflection and transmission measurements can obtain only the absorption
coefficient, or the imaginary part of the dielectric function.

Spectrophotometry has been employed by A. Gray and co-workers [62] to obtain
complex refractive index of exfoliated graphene. Furthermore, Ref. [62] investigates
influence of an interference that occurs within SiO, layer, and how this interfer-
ence can be used to enhance measurement sensitivity. First results on ellipsometry
measurements of graphene’s complex refractive index were reported in 2010. Spec-
troscopic ellipsometry (SE) was employed by V. G. Kravets and co-workers [74]
and J. W. Weber and co-workers [75]. Both results were reported for exfoliated
single-layer graphene in the visible and UV ranges. Complex refractive index of ex-
foliated single-layer graphene obtained using spectroscopic null imaging ellipsometry
(SNIE) was first reported by U. Wurstbauer and co-workers [76]. Ellipsometric map-
ping and layer counting by SNIE, ellipsometric contrast as well as Brewster angle
microscopy were demonstrated by O. Albrektsen and co-workers [77]. Several other
results regarding ellipsometry measurements of exfoliated graphene were reported
[78, 79, 80, 81, 82, 83]. Contribution of this dissertation to ellipsometry of exfoliated
graphene is described in Sec. 1.3.3 and chapter 4, as well as within [82, 83].

Ellipsometry has already set its place firmly within semiconductor industry, as
a in-line and post-fabrication control tool. Similarly in the growing industry of

graphene, as various fabrication methods are being developed, ellipsometry is em-
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ployed along with them. As it will be discussed in detail later on, chemical vapor
deposition (CVD) arises as one of the dominant methods for mass-production of
graphene. First results on ellipsometry of CVD graphene transferred on a dielectric
substrate were reported by F. J. Nelson and co-workers [84, 85]. Ellipsometry can
be very useful as a contact-less in-line growth control tool, as demonstrated by M.
Losurdo and co-workers [86, 87, 88]. The other possibility is to use ellipsometry
as a post-fabrication control tool. Here ellipsometry can be used to characterize
the interaction between graphene and a copper substrate on which it was grown
[89, 90], or to characterize remaining transfer residue [91], or a quality of metallic
contacts when graphene is transferred over a pre-fabricated structures [92]. Chang
and co-workers [66] have employed ellipsometry to investigate how chemical doping
with nitric acid modifies the complex optical conductivity. Contribution of this dis-
sertation to employing ellipsometry as a tool for post-fabrication control of CVD
graphene is described in Sec. 1.3.3 and chapter 4, as well as within [91, 92].

Besides chemical vapor deposition there are other graphene synthesis methods
where ellipsometry has also been successfully employed. Ellipsometry was used
to characterize optical properties and number of layers for graphene grown on SiC
[93, 94, 95, 96, 97], and graphene obtained by reduction from graphene oxide [98, 99].
Recently (in the year 2014) several studies have used ellipsometry to characterize
optical properties of other materials that could be obtained as single atomic layers.
These materials are often referred as Van der Waals (VAW) materials. Complex
dielectric functions of single-layer MoS, and WSes were reported by [100, 101, 102,
103].

1.2.4. Exciton-shifted van Hove peak in absorption

This subsection focuses on the optical properties of graphene in the UV part of the
spectra, and gives an overview on the current state of research in this area. As it
was discussed in Sec.-s 1.2.1 and 1.2.3, in the UV range only interband contribution
is considered. And as it was demonstrated (Sec. 1.1.3) linear approximation of
the dispersion relation is not valid for incident photon energies above 3 eV. Here
optical properties are governed by the transitions that occur in the vicinity of M

point in Brillouin zone (a saddle point in dispersion relation). For energies that
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correspond to interband transitions at the M point, joint density of states function
has a logarithmic van Hove singularity. Observable consequence is a prominent
absorption maximum in the UV part of the spectra.

Since graphene is a semi-metal, with low intrinsic carrier concentration, one might
intuitively expect that many-body effects would be weak in graphene. This expec-
tation holds for most of the infrared and visible range, and an independent particle
picture (as introduced by interband absorption calculated within perturbation the-
ory) gives very good agreement with the experimental results. However, screening
of Coulomb interaction in graphene is also significantly reduced, since carriers are
confined in a 2D plane and density of states is vanishing at the Dirac point. Several
theoretical studies have predicted the influence of many-body effects on the opti-
cal properties of graphene. A deviation from the universal optical absorbance (7«)
through a reduction in absorption at low photon energies is expected, as reported by
E. G. Mishchenko [69]. Furthermore, the appearance of Fermi edge singularities and
their consequence on the optical properties of graphene were reported by [104, 105].
Experimental confirmation of these many-body effects in graphene would require
very precise measurements at well defined carrier densities and low temperatures,
and has not been reported thus fahr.

One clear and robust signature of many-body interactions in the optical spectra
has already been identified experimentally [43, 65, 74, 73, 82, 89, 91, 106]. This is the
exciton-shifted van Hove peak in absorption at the M point. Let us first consider the
independent particle picture, introduced by interband absorption calculated within
perturbation theory. As it was considered in Sec. 1.2.1 the resonance feature in the
UV arises from interband transitions near the saddle point (M point) in Brillouin
zone. In this approximation absorption should be determined essentially by the
JDOS function (as in Fig. 1.8). Near the critical point, absorption should be
proportional to o< —log|l — F%o" meaning that the peak should be positioned at
hwy = 2t and it should be symmetric near the singularity. The sheet conductivity
predicted within the framework of GW ab-initio calculations, reported by L. Yang
and co-workers [25], shows a symmetric absorption peak at about 5.2 eV. These
calculations do not include electron-hole interaction.

However experimental measurements of reflectance [65], transmittance [73] and
ellipsometry [74], all show that the resonant peak is red-shifted by as much as
600 meV from the expected position, and that it is asymmetrical. The observed

discrepancies can be explained by taking into account excitonic corrections to the
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Figure 1.10.: (a) Absorbance of single-layer graphene obtained by ab-initio calcu-
lations with (solid line) and without (dashed line) electron-hole inter-
action (reprinted from Ref. [25]). (b) Measured optical conductivity
of a single-layer graphene (reprinted from Ref. [65]). (c¢) Schematic
representation of a dispersion relation of graphene (high symmetry
points are marked), and band-to-band transitions in the vicinity of a
saddle-point (M point). F, denotes a resonant energy of the promi-
nent absorption peak, while solid dot represents excitonic state that

lies below the valence band (reprinted from Ref. [73]).

optical response of graphene near the saddle-point singularity. This can be modeled
by an exciton resonance at an energy below the saddle point singularity that couples
strongly with the existing continuum of electronic states in the conduction band.
Phenomenological description of this exciton-shifted absorption peak can be written
within a Fano model [23, 46, 50, 107]. For the case of graphene, Fano resonant
model was first introduces to calculate real part of the optical conductivity and to
model the absorption of a single layer graphene by D.-H. Chae and co-workers [73]
and K. F. Mak and co-workers [65]. First reports of a Fano resonant profile used
for modeling a complex refractive index of graphene were reported by [82, 83|, and
are a part of this dissertation (see chapter 4). The strong excitonic effect observed
in the optical response of graphene reflect the reduced dielectric screening in a 2D
system and the vanishing density of states function at the Dirac point.

As it is possible to "tune-in” interband absorption of graphene in the infrared

region through Pauli blocking mechanism, would it be also possible to tune the
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exciton-shifted peak in absorption by changing the Fermi level in graphene? Al-
though a mechanism here would be much more complicated than in the case of Pauli
blocking, a result would be tunable optical properties of graphene in the visible and
UV ranges, and would have many different potential applications in opto-electronics
[108].

Several studies [43, 66, 89, 90, 92, 109] have shown that by changing the doping
level in graphene, a balance between the electron-electron (e-e) interaction and the
electron-hole (e-h) interaction can be modified, which causes the change of the ab-
sorption peak’s shape and position. In the case of graphene doped by an electric
field (through electrochemical gating), as theoretically predicted by L. Yang [109], a
further red shift and broadening of the prominent absorption peak has been observed
by K. F. Mak and co-workers [43], indicating a suppression of e-e interaction. The
other way to introduce doping of graphene is through the interaction with its sur-
roundings. Y.-C. Chang and co-workers [66] have investigated how chemical doping
with nitric acid modifies the complex optical conductivity, and found a negligible
shift of the prominent peak. Optical properties of graphene grown on a copper
substrate have been investigated by P. K. Gogoi and co-workers [89], and by M.
Losurdo and co-workers [90]. In that case, the interaction with the substrate mainly
suppresses e-h interaction, and the absorption peak was found to be blue shifted
and symmetrical, similar to the expectations of the independent particle model [25],
where the electron-hole interaction has not been accounted for. A part of this dis-
sertation (see section 4 and Ref. [92]) investigates how does an interaction with a

gold substrate affect the exciton-shifted peak in absorption.
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1.3. Technological motivation and statement of the

thesis

Since the initial discovery [1] research field of graphene was rapidly expanding in the
last decade. One of the reasons for this expansion is the fact that graphene samples
are relatively easy to make in a laboratory and do not require expensive fabrication
equipment. However this was only enough to create an initial "boom” of graphene,
what actually stands behind its rapid expansion is a tremendous amount of possible
application for graphene. There are many different properties of graphene in which
all the other materials known to man fail to even compare, for this reason graphene
has earned a nickname ”"magic material”. However, many of those properties, al-
though true, are not possible to exploit in real-life applications. The goal of this
section is to give an overview of realistic applications for graphene. For most of
the mentioned applications below, a date will be given when it’s commercialization
is expected. These estimates are based on the development schedules of industry
leaders an are taken from [110, 111] and [5].

Graphene uniquely combines many different properties that make it very attrac-
tive for numerous applications. In terms of its properties, graphene has a potential
to replace other materials in existing applications, and to revolutionize many as-
pects of our everyday lives. Whether graphene will reach its full potential remains
to be seen, however one thing is certain, graphene is the first two-dimensional atomic
crystal available to us.

Graphene has a room temperature electron mobility of 2.5 x 10° cm?/V's and
has a micrometer-scale ballistic transport at room temperatures [6]. Furthermore
it exhibits an ambipolar effect, thus having both electron and hole mobilities the
same. As a contrast electron mobility in silicon is 1500 cm?/V's and hole mobility is
450 cm?/V's. Graphene has an ability to sustain extremely high densities of electric
current (six orders of magnitude greater than copper) [7]. Regarding mechani-
cal properties, Young’s modulus of graphene is ~ 17T Pa and intrinsic strength of
~ 130 GPa [9]. Compared to other materials, Young’s modulus of steel is ~ 0.2 T Pa,
and only two materials stronger than graphene are diamond and ” carbyne” (an imag-
ined 1D chain of carbon atoms). Thermal conductivity of graphene is 3000 W/mK
[8], closest known bulk materials would be silver and copper with thermal conduc-

tivity of ~ 400 W/mK . Interestingly, crystal lattice of graphene (and graphite) is
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so densely packed that it is impermeable to any gases, even Hy [10]. Furthermore,
graphene can be relatively easily chemically functionalized. This allows for various
modifications of ”fine tuning” of its properties [112, 113, 114], and for novel sensor
applications [115].

However, most of these characteristics have been achieved only for the highest-
quality samples (exfoliated samples) [1], and deposited on special substrates like
single crystal hexagonal boron nitride [6, 116]. Graphene will be of even greater
interest for industrial applications when the quality of the mass-produced graphene
reaches these outstanding performances achieved by the highest quality samples.

This section is split into five subsections. First four subsections present different
fields for graphene application, namely: electronics, photonics, composites and en-
ergy related applications. Each of these subsections presents a short overview of the
currently available proof-of-concept devices, as well as advantages and drawbacks
for implementation of graphene in these fields. The final subsection is the statement
of the thesis in relation to the potential applications of graphene and ellipsometry

as a contact-less tool for graphene characterization.

1.3.1. Potential application in electronics and flexible electronics

Graphene based integrated electronics is one of the main driving ideas for the de-
velopment of graphene field. There, graphene would serve as a channel, utilizing its
confinement of electrons in a two-dimensional electron gas, its high mobility, bal-
listic transport and electric field effect. In a case of analogue electronics, proof of
concept devices already exist [117], and commercially available high frequency am-
plifiers based on graphene are expected by the year 2025 [5, 110, 111]. On the other
hand, logic or digital transistors, and the entire idea of post-thin-film transistors
might never be realized based on graphene. Here one of graphene’s very interest-
ing property stands in a way. Graphene is a semi-metal, meaning that with no
band gap there is no way to obtain a logical zero (no current going through the de-
vice). However, other two-dimensional materials like MoSs, or chemically modified
graphene might be used in next generation logic transistors. Estimates are that this
technology will not be implemented prior to 2030 [5, 110, 111]. These applications
require high quality graphene samples, and current state of the growth technology

(see section 2.1) limits the commercialization of graphene in electronics.
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Figure 1.11.: (a) Sheet resistance versus transmission of various graphene films
(reprinted from [118, 119]). The dashed line represents a minimum in-
dustry standard for ITO replacement, while solid line represents highly
doped exfoliated graphene. Transmission is controlled mainly by the
number of graphene layers. R2R stands for Roll-to-roll CVD process;
rGO stands for reduced Graphene Oxide; LPE stands for Liquid Phase
Exfoliation. (b) Electroluminescence spectra of a flexible OLED with
graphene electrodes (reprinted from [120]). Inset of (b) shows a func-

tioning device.

There are other aspects of electronics, especially flexible electronics, where graphene
is most likely to find its place in the near future. These do not require highest
quality samples, and could be produced by a standard chemical vapor deposition
technique. In applications such as touch screens, smart windows, flexible e-paper,
flexible organic light emitting diodes (OLEDs) and similar, graphene based products
are expected to appear on the market by the year 2020.

Graphene applied in flexible electronics will most likely serve as a transparent
electrode for either flexible touch screens, or flexible OLEDs. There are two most
important properties that graphene must have here. First its transparency must be
high, and second its sheet resistance must be low. Currently on the market this job
is done by Indium Thin Oxide (ITO) with 80% transparency and sheet festivity of ~
30€/0. Comparison of sheet resistance versus transmittance show in Fig. 1.11(a),
for various types of grpahene. There are other important factors, as fabrication
price, contact resistance, layer roughness and ease of patterning. Currenty graphene

is better in all of these than ITO, but when exfoliated graphene is considered.
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However, CVD graphene still is not fahr from reaching the industry threshold. Its
low production cost, compatible patterning and negligible roughness brings it closer
to replacing ITO. Also graphene has superior flexibility, mechanical and chemical
stability [121]. For flexible OLEDs grpahene needs to have bending radius of 5 to
10 mm, which is easily achievable. Its work function needs to be between 4.7 eV
and 4.9 eV, which can be tuned by chemical doping. However, sheet resistance is
not good enough to replace ITO, and it has to be strictly < 30Q/CJ. One way to
increase sheet resistivity is to use chemically doped graphene, as with HNO3 [122].
However, this is a tradeoff between carrier mobility and sheet resistivity. A proof
of concept flexible OLED device was demonstrated by T.-H. Han and co-workers
[120], where sheet resistivity issue was overcome by transferring several (usually
four) CVD grown graphene layers on top of each other. Still, final drawback for
the flexible OLED applications is contact resistance between graphene and external
metallic leads. Flexible OLEDs based on graphene are expected by the end of 2016.

Somewhat less rigorous applications in flexible electronics are touch screens. Here
transparency of over 90% and sheet resistivity of 50 — 300 2/0J is required to meet
the industry threshold. Furthermore, for low transparency touch screens (those that
are not designed to be placed over a display), or smart windows, or even solar cells
industry standards are even lower, and graphene made by liquid phase exfoliation
is applicable. These "low quality” products that utilize graphene’s transparency,
flexibility and electrical conductivity are expected to be commercially available by
the year 2020 [5, 110, 111, 118].

1.3.2. Potential application in photonics

As it was discussed in Sec. 1.2, graphene’s unique optical properties are opening
many potential applications in photonics [5, 108, 110, 111]. Major advantage con-
cerns an independent absorption in a wide wavelength range, and the possibility
of changing optical properties by electrostatic gating (through Pauli blocking). In
addition, the large carrier mobility gives potentially extremely fast response that
graphene opto-electronic devices could achieve. Rapid expansion of optical com-
munications, and a constant demand of ever faster networks, will soon be needing

a next generation of network components. This subsection will discuss potential
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applications of graphene in active components as photodetectors and optical mod-
ulators.

Research results regarding graphene-based photodetectors started appearing in
2009, both as conceptual and proof-of-concept devices, and are now one of the
most actively studied type of graphene-based devices [108, 110]. Main advantage
of graphene photodetectors is constant response in a wide spectral range, from in-
frared to ultraviolet. In addition, high carrier mobility of graphene enables very fast
extraction of photo-generated carriers, giving high operating bandwidth of these
devices. Theoretical bandwidth limit is as much as 1.5 THz [123], and is limited
by the saturation carrier velocity [124]. In practice, proof of concept devices have
been realized that can operate at 640 GHz [123]. However, stable devices are still
limited to ~10 GHz bandwidth. Such a device is presented in Fig. 1.12(a-c), and its
working principle will be discussed later on. As a comparison, the most high-speed
optical networks use germanium based photodetectors. Current bandwidth limi-
tation of Ge-based photodetectors is ~80 GHz [125]. Photodetectors with higher
bandwidth can be realized based on III-V semiconductors (as InGaAs), and their
current bandwidth limitation is at ~150 GHz [126]. However, these are significantly
more expensive compared to both Ge- and graphene-based devices.

Due to the lack of a bandgap, graphene-based photodetectors must have a different
carrier extraction model than the one used in a semiconductor-based photodetectors.
One way to extract carriers from graphene would be to apply a large bias across the
detection area, thus forcing a photocurrent to follow the drift of the electric field.
However this is not a good approach, besides having to provide a constant power to
the device it would have a large dark current. One way to reduce, or even completely
eliminate the bias voltage requirements is to use a local potential variation near
the graphene/metal interface to extract photo-generated carriers [129, 123, 127].
Schematic representation and a scanning electron microscopy image of such device
are shown in Fig. 1.12(a) and (b), respectively. Here doping of graphene by a
metallic contact is used to create a voltage drop across the detection area. For this
reason two different metals, in this case palladium and titanium are required to
introduce p- and n-type doping, respectively. Figure 1.12(c) shows relative response
versus light intensity modulation frequency. For this particular device geometry,
bandwidth of 16 GHz was archived. Inset of Fig. 1.12(c) shows an eye diagram at
10 GHz, confirming stable operation of the device at near-infrared frequencies (used

in optical communications) and at room temperature. Slight modifications of the
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Figure 1.12.: (a), (b) and (c¢) schematic representation, scanning electron mi-
croscopy image and relative response versus light intensity modulation
frequency (respectively) of a graphene photodetector that utilizes lo-
cal potential variation for photo-generated carrier extraction (reprinted
from [127]). Inset of (c) eye diagram of the device at operating fre-
quency of 10 GHz. (d), (e) and (f) schematic representation, scanning
electron microscopy image and a static electro-optic response at the
different drive voltages (respectively) of a graphene-based broadband
optical modulator (reprinted from [128]). The device uses Pauli block-
ing princple to modulate optical absorption of graphene in the infrared

range, as schematically represented in inset of (f).

geometry can give bandwidth of ~40 GHz [127].

One more drawback for graphene-based photodetectors is a relatively small light
absorption (2.3 %) [60]. To address this issue plasmonic nanostructures have been
introduced at the graphene surface in order to create an enhancement of the local
electric field and thus increase absolute absorption of the device [130]. The other
approach is to integrate graphene into a silicon waveguide in order to increase light-
graphene interaction length [131]. However, these approaches to increase total light
absorption of the device almost in all cases limit the frequency range where they
are applicable, and thus affect the frequency independent absorption function of
graphene. Since current limit of Ge based photodetectors is ~80 GHz, and consid-

ering current trends of the expansion of optical networks, low-cost photodetectors

45



1. INTRODUCTION

with a bandwidth over 100 GHz will be needed by the year 2020. For graphene to
be competitive against InGaAs and other III-V semiconductor-based photodetec-
tors, samples with carrier mobility over 20000 cm?/Vs need to be mass produced at
low-cost.

Beside photodetectors, optical modulators are also very promising type of opto-
electronic devices for graphene implementation. Optical modulators are active build-
ing blocks for optical networks, that are used to encode transmission data by light
modulation. Commonly various types of Si-based integrated devices are used [132].
There are several light modulating principles, as interference (e.g. Mach-Zender in-
terferometer) [133], ring resonators [134], electro-absorption modulators [135], and
others. These devices usually have narrow operating spectral range and low switch-
ing times. The later is due to a large resistance in the p-n junction through the Si
core region. As a result, bandwidth limitations of these devices are usually at ~50
GHz.

By employing a field effect in graphene, combined with its low and constant ab-
sorption in a wide spectral range, and its ultrafast response (due to high carrier
mobility), proof-of-concept devices have achieved switching at 1 GHz in the near-
infrared range [128]. Here a silicon waveguide is covered with a single layer CVD
grown graphene. By electric field modulation Fermi level in graphene is shifted. This
causes a change in absorption due to Pauli blocking (as discussed in 1.2.3). Since
graphene covers a relatively long section of the waveguide (several micrometers),
multiple refections occur, and when 2FEp is above (or below) the light frequency
no absorption occurs. On the other hand, with Er ~ 0eV, each reflection of the
light that propagates within a waveguide causes loss, and after a sufficient length
the light is modulated according to the applied gate voltage. Figure 1.12(d-f) re-
spectively show schematic representation, scanning electron microscopy image and
a static electro-optic response at the different drive voltages for such optical mod-
ulator (reprinted from [128]). With further device optimization, and higher quality
graphene (higher carrier mobility) simulations suggest possible bandwidths of ~500
GHz [131].

Limitations for graphene-based optical modulators are similar as for graphene-
based photodetectors. Here low-cost large-area (over 1 mm?) of high quality graphene
is required, in some cases even supported by single crystal substrates as hBN, in or-

der to achieve high enough mobilities that will allow switching faster than 80 GHz.
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1.3.3. Composites, inks and coatings based on graphene

Most of the potential applications of graphene are actually not hi-tech ones [5, 111]
and do not exploit properties as high carrier mobility, ambipolarity, universal optical
conductivity or electric field doping. These applications consider an integration
of graphene into products such as composites, inks, paints and various types of
coatings. These applications mostly use mechanical, thermal or electrical properties
of graphene. In most cases there is no need for large or high quality samples, usually
only large volumes and low-cost are required. Chemical synthesis of graphene (see
Sec. 2.1.1) either through reduction from graphene oxide (rGO) or through liquid
phase exfoliation (LPE) is commonly employed.

Products of chemical synthesis of graphene are usually liquids containing sus-
pended graphene-based particles, i.e. various paints and inks. These could be
integrated into a large variety of products such as printed electronics [136], anti-
static layers, electromagnetic interference shielding, self-regulating heaters, thermal
conducting layers, gas and corrosion barriers, conductive textile, and many more.
Currently on the market there are metallic based paints, as sliver or copper, or pains
containing nanoparticles, that are used for screen-printing of conductive and ther-
mal layers, but their high price limits their use, and whenever possible laminated
foils are used. The other major competitor for graphene-based paints is so called
”carbon black”. This is a material produced by the incomplete combustion of heavy
petroleum products. It has a paracrystalline form, meaning that there is a local
lattice (in the order of several hundred unit cells) but there is no larger crystalline
structure. In a sense chemically synthesized graphene is similar to carbon black,
only with several orders of magnitude greater domains, or as usually referred in this
case, flakes.

Another interesting application for liquid processed graphene is ink-jet printing.
This would allow for relatively high resolution (~10 pm) printing of various con-
ductive structures [137], making it possible to simply print linear electronics circuits
on a piece of paper. If besides graphene other Van der Waals materials would be
used in a printing process, it would allow for printing of non-linear components as
well, such as diodes, light emitting diodes, and transistors. The printing process

is not limited to paper, and as it was demonstrated by F. Torrisi and co-workers
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[136] structures could be printed on glass, or Si wafers. These devices are inferior to
Si-based electronics, but in some special cases they have their advantages. As an ex-
ample, screen printing of radio frequency identifiers (RFIDs), using graphene-based
paints, has been patented by Vorbeck corp. [138], and is currently comparable to
laminated RFIDs considering performance, but still at a higher price.

Regarding composite structures with high breaking strength and light weight, cur-
rent quality of mass-produced graphene will hardly win over carbon fibers. However,
graphene can be used with carbon fibers and similar composite materials to either
improve existing properties or to introduce new ones (as electrical or thermal con-
ductivity) [30]. This approach was used, and patented by Head inc. [139]. There, a
small amount (5-10 %) of chemically synthesized graphene was added into the resin
that is used for binding of carbon fiber layers. This simple modification resulted
with ~20 % increase in breaking strength. This was used in a first commercial
product that utilizes graphene, a tennis racket. These products appeared on the
market in the beginning of 2014.

Most of the major companies in carbon business have already established pro-
grams for development of a low-cost graphene and its implementation into coatings,
inks, paints and composites. Although, Head inc. is the first to come up with a
commercial product, many others are expected to follow up in the next several years
[5, 110, 111].

Using currently available LPE or rGO graphene is limited to the flake size of about
1 pm, with reasonable low fabrication cost. A real breakthrough in the fields of inks
and composites will occur when these synthesis processes are improved and capable
of producing flakes with lateral dimension grater than 10 pm. As an example,
this increase in flake size would allow for multiple overlapping of one flake between
several fibers in a carbon fiber composites, resulting with a ten times increase in
breaking strength of the composite material (without any increase in mass) [30]. This
breakthrough will bring many new composite materials with several times greater

Young’s modulus, thermal and electrical conductivity, than currently available ones.

48



1. INTRODUCTION

1.3.4. Energy applications

Carbon-based materials have already been used in various energy applications, and it
would be surprising if graphene had no part in this field. This subsection will discuss
two major energy related applications for graphene, solar cells and energy storage in
either lithium-ion or supercapacitor based batteries. There are many other potential
energy related applications for graphene, as in fuel cells [140] where graphene serves
as a supporting material for platinum catalysts, or in Hy storage where potential
use of graphene, graphene oxide and titanium-graphene oxide composites has been
considered [141]. However, these wont be discussed in more details here.

One of the most interesting potential application of graphene is in the next gen-
eration of solar cells. There are two ways that graphene can be implemented into
photovoltaic solar cells. First, graphene could be used as the active material. This is
very similar application as in photodetectors (see Sec. 1.3.2). The main advantage
here is a large spectral range where light absorption is possible [60, 65], however the
main drawback is that the light absorption is rather small (2,3 % per layer). One
straightforward solution would be to increase the number of layers, however after
some 4-5 layers of graphene it becomes much harder to extract photo-generated
carriers without an applied bias. The other approach that could be utilized is to
stack multiple devices similar to the one shown in Fig. 1.12(a), only separated by
a thin dielectric layer. Although this could result with very high light-to-current
conversion ratio, these devices would be extremely expensive to fabricate, not only
from the side of graphene fabrication and transfer technology, but also because rare
metals have to be used as electrodes. The other way to increase light absorption
in graphene would be through various plasmonic structures [130], but these would
both limit the spectral range and significantly increase fabrication costs. For these
reasons, graphene as an active material in solar cells most likely will not be used in
the near future.

The other potential application for graphene in solar cells is as a transparent
and/or distributed electrode in quantum dot or dye-sensitized solar cells [142]. In-
terestingly, graphene can be used both as electron [142] and hole [143] conducting
electrode, since doping of graphene can be used to change majority carriers (see Sec.
1.1.5). Furthermore, ambipolarity gives the same (or at least very similar) carrier
mobility of both electrons and holes. Proof-of-concept devices already exist [142].

Low cost fabrication methods [144] as LPE or rGO are suitable for these electrodes.
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Regarding the distributed electrode in dye-sensitized solar cells, graphene could re-
place commonly used Pt (not a transparent electrode), due to its high conductivity,
high specific surface area and good electro catalytic activity. Furthermore by doping
(as with HNOj3 [122]) conductivity can be increased and electrode work-function can
be fine tuned. All these properties are very important for photovoltaic solar cells.
Flexible solar cells with graphene electrodes are expected to appear by the year 2025
[5, 110, 111, 118].

Very promising field of application for graphene is energy storage, more precisely
as an electrode in lithium-ion batteries and supercapacitors. Li-ion batteries were
introduced in the mid seventies [145], and have suffered from poor electrical con-
ductivity of cathodes. A decade latter T. Nakajima and co-workers from Asahi
Kasei corp. have introduced and patented [146] integration of carbon based mate-
rials into cathodes for Li-ion batteries. Due to Li-intercalation of carbon, increased
conductivity and significantly increased electrode surface area, this relatively simple
improvement have increased power density of Li-ion batteries by at least one order
of magnitude. Currently amorphus carbon, graphite powders and carbon black are
used in all Li-ion battery anodes. This had a tremendous impact on our everyday
life, since these improved Li-ion batteries could store enough power and still be light
weight enough to support widespread of mobile electronic devices, as laptops, mobile
phones and many others.

Graphene is a logical next step for Li-ion batteries, since it is basically much higher
quality type of carbon-based material to be integrated as an advanced conductive
filler into cathodes. Furthermore, graphene opens possible new electrode structures
as encapsulated nanoparticles and sandwich-type nanocomposites [147, 148]. Inte-
gration of these structures into Li-ion battery anodes could significantly increase
their power density. This could result with a next big leap in the energy storage
technology.

There is yet another, even more promising potential application for graphene in
energy store. Graphene has proven as a good choice for electrodes in supercapacitors
[149, 150]. These are an alternative versions of batteries, where electrical energy is
stored electrostatically, rather than chemically. The energy is stored within an
electrochemical double-layer capacitor [151], similarly as the electrolytic gating is
introduced with ion-gels [43, 45, 71, 72| (see Sec. 1.2.3). The efficiency of these
devices is determined by the surface area of the electrode and the charge separation

at the electrode-electrolyte interface.
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The advantages of using graphene as electrodes for supercapacitors, comes from
its high electrical conductivity, controllable pore or defect structures (with rGO,
chemical or plasma treatments), its resistance to oxidative processes, its stability
at high temperatures and good heat conductivity. The first prototype of graphene-
based supercapacitor was realized by M. D. Stoller and co-workers [149]. The first
microscopic supercapacitor based on rGO was realized by M. F. El-Kady and R.
B.Kaner [150]. They have demonstrated flexible and planar micro-supercapacitors
that could be integrated on the chip. These devices show some of the highest power
densities ever reported.

Major issues for integration of graphene into supercapacitors besides fabrication
cost, are large irreversible capacitance, heating and relatively low life-time of these
devices. Other carbon-based materials are also used for supercapacitor electrodes,
as arrays of carbon nanotubes [151]. However low cost graphene [144] as rGO and
LPE gives better price-to-value ratio than carbon nanotubes. Performance of these
devices could be improved using higher quality graphene, or by having a better
control over a number and type of defects, or using self-assembly nanostructures (as
graphene flowers [152]) to maximize surface area or to use electrolytes better suited

for these novel electrodes.

1.3.5. Statement of the thesis

As it was shown in previous sections of this chapter, there are many potential ap-
plication for graphene. Most of these applications require some very special and
strict sets of properties that graphene must have if it is to be implemented into
these technologies. As an example, for OLED transparent electrodes (Sec. 1.3.1)
graphene must have sheet resistance of less than 302/CJ with transparency over
80%. In the same time its surface roughness must be low, its work function needs
to be between 4.7 eV and 4.9 eV, and it must make low resistivity Ohmic contacts
with external leads [110, 120]. It is clear that this and many other applications will
require very good control over graphene properties, and this needs to be achieved
in a mass-production of the material.

To have a good control over graphene’s properties, one must first understand the

mechanism behind them, and needs to have a reliable set of tools to measure them.
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Furthermore, these tools need to be easily implemented in a mass-production pro-
cess, as an assembly line or a growth chamber. One of the already proven techniques
both in fundamental research and in various industrial applications is ellipsometry
[153, 154, 155]. It is an optical technique used mainly for investigating the dielec-
tric properties and thicknesses of thin films in many different fields, such as solid
state physics, bio-physics, thin film technology and microelectronics, for both fun-
damental research and industrial applications. In the industry it can be used both
as in-line and post-fabrication control tool. It takes the advantages of being very
fast, non-destructive and contactless. Furthermore, ellipsometry measures complex
dielectric constant and relies on measuring angles and frequencies rather than light
intensity, thus having no requirements for a reference spectra. By using light in-
terference it can be sensitive to the film thickness in the order of a fraction of an
angstrom (i.e. it can unambiguously detect an incomplete mono-atomic layer).

As graphene technology develops, it is necessary to have adequate tools that are
not only sensitive to the presence of a mono-layer graphene itself, but that can detect
subtitle changes in the properties of this ultra thin film. Ellipsometry is proved to
be one of the most useful techniques that will be employed as a quality control tool
in the future mass production of graphene.

This dissertation and the publications directly related to it [82, 83, 91, 92, 156]
address the issue of optical properties of graphene in the visible and UV ranges, and
how changes in these properties could be related to various issues in fabrication,
transfer and interaction with a substrate. These could be implemented as a quality
control in various graphene fabrication processes. In the dissertation and in the
related publications, optical properties of graphene are obtained using spectroscopic
ellipsometry and null spectroscopic imaging ellipsometry techniques. The chosen
spectral range is the most common probing range in an in-line environment. The
data interpretation process is optimized for the case of an atomically thin layer on
various substrates (thin SiO, films, transparent and metallic substrates), and an
importance of using corroborated measurements for building up an appropriate op-
tical models is shown. A model for graphene’s complex refractive index is proposed.
This model is based on a Fano resonant profile. Values of the model parameters can
be easily related to the properties of the M-point exciton that causes the red shift
of the logarithmic van Hove singularity of the absorption function in UV (see Sec.
1.2.4). The model for graphene’s complex refractive index reported in [82, 83] was

adopted by a manufacturer of spectroscopic imaging ellipsometers, Accurion GmbH
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and is currently being distributed within the software of a Nanofilm_ep4 ellipsome-
ters. Numerical codes used within the model are given in Appendix C4, and are
explained in Chapter 4. Ellipsometric mapping was also employed to resolve spatial
distribution of a water layer trapped between graphene and a substrate [83].
Furthermore, specific potential applications for using ellipsometry as a quality
control tool in graphene technology are addressed within the dissertation. Namely,
the influence of the transfer residue on the optical properties in the case when
graphene is transferred over a transparent substrate is addressed [91]. This is very
interesting both from the measurement, and from the transfer technology points of
view. Measurements of mono-atomic layers, and thin (few nanometers) transparent
residue layers on transparent substrates are rather difficult, since almost negligi-
ble phase shift occurs due to the lack of multiple reflections. From the side of the
graphene transfer technology, this is the case of an interest for transparent conduc-
tive electrodes. As an example in the case of the flexible OLEDs [120], graphene
needs to be transferred several times on a transparent substrate. For this technology
it is necessary to have a reliable tool that can quickly check if no transfer residue
is remaining after each graphene layer has been transferred. This is quite difficult
since even few nanometers of the transparent residue layer (placed on a transparent
substrate) can affect the electrical contacts between two graphene sheets and signif-
icantly increase sheet resistance. As it is shown within the dissertation (see Chapter
4 and Ref. [91]), ellipsometry can give fast and contactless way to probe this issue.
The influence of the metallic substrate interaction on the optical properties of
graphene is also discussed within the dissertation and within Ref. [92]. This is
interesting both from the fundamental aspect, and for the potential application of
ellipsometry as a quality control tool in graphene technology. Through the change
in the optical properties of graphene it is possible to examine many body interaction
between the excitonic state and the states near the Fermi level, which is shifted by
the interaction with the underlaying metallic substrate. It was found that in this case
an electron-hole interaction of the M-point exciton is suppressed by several hundred
meV-s. On the other hand charge transfer between graphene and the underlaying
gold substrate was found to be about 50 meV [92]. From the quality control point
of view, this is important since it demonstrates how a contactless technique can
be used to confirm the contact quality between graphene and an external metallic

electrode.
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2. FABRICATION AND
CHARACTERIZATION
METHODS

2.1. Graphene fabrication methods

The market for graphene applications is driven by the development of the production
processes. As it has been demonstrated [5, 110], graphene can be synthesized at cost-
effective scale both by bottom-up (atom-by-atom growth) or top-down (exfoliation
from bulk) approaches. This section will present various fabrication processes (Sec.
2.1.1), focusing on the two that have been used in the publications related to the
dissertation: micromechanical exfoliation (Sec. 2.1.2 and App. B2) and chemical
vapor deposition (CVD) (Sec. 2.1.3).

Fabrication is not the only process required for various applications of graphene,
there are many other steps, some of which are similar to the processes standardized
within the silicon based industry, while some are novel and maybe even more critical
than the growth process itself. This section will focus on two processes that are most
commonly used in graphene device fabrication. First, CVD graphene grown on a
metal foil or thin metal films requires a transfer step usually to a dielectric substrate.
This transfer process can significantly reduce the quality of the as-grown graphene if
not done properly. Various transfer approaches are discussed within Sec. 2.1.4, with
focus on those used within the publications related to the dissertation (see also App.
B3). The second process that will be discussed is fabrication of metallic contacts on
graphene, again with a focus on the specific case used within the dissertation; UV

photolithography (Sec. 2.1.5 and App. B4).
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2.1.1. Overview of various fabrication techniques

As it was mentioned in the previous chapter, graphene was first synthesized by
a micromechanical fabrication technique [1]. Although this techniques gives the
best sample quality thus fahr, it is very difficult to scale up the production of
graphene via this route. Samples made by micromechanical exfoliation are mostly
used in fundamental research or for proof-of-concept devices. Several years after the
initial discovery, significant part of the research in the field was devoted to solving a
problem of mass synthesis of graphene, and hundreds of mass production approaches
were proposed. Interestingly many different approaches gave significantly different
material properties. These differences usually come from variations in grain or
crystallite size and the way they overlap or interconnect to form large continuous
films. Number of layers and control over the number of layers also varies for different
production approaches. The final product is called ”graphene” although it might
not preserve most of the properties that pristine graphene has. Some fabrication
methods can parry exfoliated graphene (as CVD), while others preserve only few
properties that are of an interest for specific applications (as rGO and LPE). From
the variety of the proposed routes for mass production of graphene only several were
widely accepted. These are shown in Fig. 2.1, where sample quality as a function
of a mass-production cost is presented. Micromechanical exfoliation and chemical
vapor deposition techniques will be explained in more detail later in the text (Sec.
2.1.2, 2.1.3 and App. B2). Let us now focus on several other synthesis approaches,
and review their advantages and drawbacks.

One of the commonly used synthesis routs of graphene is growth from silicon-
carbide (SiC). Single crystal SiC has crystal planes that end either with carbon or
silicon atoms, and are referred to as a carbon- or silicon-sides (faces). Graphitic
layers can be obtained on the surface of SiC by sublimation of silicon atoms [157].
Growth of graphene and multi-layer graphene has been demonstrated on both Si-
side [117] and C-side [158, 159] of a SiC wafer. 6H-SiC (0001) surface is the most
commonly used C-side, and it was the one on which the first turbostratic growth
of few-layer graphene (about three-layers) has been demonstrated [158]. However,
this approach initially suffered from very small (less than one hundred nanometers)

and randomly oriented crystalline domains, and very low control over the number of
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Figure 2.1.:  Several most commonly used fabrication methods of graphene
(Reprinted from [110]). Methods position in the chart illustrates the
sample quality versus mass-production costs; potential applications are

also noted for each method.

layers. Still these films were only one nanometer thin in average, and have preserved
many properties of pristine graphene. By optimization of the growth conditions
and surface preparation, controllable growth of predominantly bi-layer graphene
was demonstrated on a C-face of a SiC by T. Ohta and coworkers [160]. However
crystalline size remained an issue. There is a possible trade-off between number of
layers and crystalline size. Namely, if graphene is grown on a Si-face, much larger
crystalline domains can be obtained, reaching a fraction of a millimeter [117]. This is
more than enough surface area for most integrated electronics. However number of
layers is much harder to control in this case and predominantly multi-layer graphene
is obtained.

There are two major drawbacks for SiC synthesis route. First is high cost of SiC
wafers, and the fact that these are very difficult to fabricate with a diameter that

would be suitable for integration with Si-based electronics (30 inches). Second, Si
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sublimation requires high temperatures, usually over 1000°C, and high vacuum en-
vironment. These temperatures are not compatible with Si-based technology and
graphene synthesized in this manner would have to be transferred onto a desired
substrate. All these significantly increase the fabrication cost. Growth of graphene
on SiC was demonstrated at atmospheric pressure (in argon atmosphere) [161], in-
terestingly giving larger crystalline domains. Furthermore, terraces on the C-face
of a SiC wafer are inevitable. These terraces cause growth of additional layers in
their vicinity, thus significantly contributing to carrier scattering. A major break-
through in SiC based growth of graphene will occur when a successful growth from
SiC thin films (less than 20 nm) is achieved either on Si or SiO,/Si wafers. Until
then SiC based graphene will remain limited to very specific applications [5, 110],
as in high-frequency analogue electronics [117].

Several low-quality and low-cost fabrication methods as liquid phase exfoliation
(LPE) and reduction from graphene oxide (rGO) take a significant share in the
field of graphene synthesis [144]. Liquid phase exfoliation of graphite [162, 163] and
other Van der Waals’ materials [164] is based on exposing the material (usually a
powder consisting of small crystal grains) to the solvent with surface tension chosen
to match the energy of Van der Waals’ forces holding layers together. As a result
flakes in these solvents tend to ”split” or exfoliate, thus increasing total surface area
of the material by several orders of magnitude, without any change in the total
mass. For exfoliation of graphene a non-aqueous, high boiling point solvents as N-
methyl-2-pyrrolidone (NMP) is used [163]. The process can be significantly speeded
up by sonication, shearing and filtration. Resulting suspensions could be consisted
of almost exclusively single-, bi- and tri-layer graphene.

There are many different methods to deposit graphene from the suspension within
the solvent, as simple drop-cast, screen printing [165], ink-jet printing [136], or
Langmuir-Blodgett based self assembly [166]. Advantages of LPE based graphene
are low-cost of mass-production [144], non-chemically modified starting material
(graphite powder) and ease of functionalization and intercalation (simply by addi-
tion into the suspension). However there are several drawbacks that limit wider
application of these materials. Crystalline (or flake) lateral size is relatively small,
usually less than one micrometer in diameter for flakes that have less than five-
layers. This results with large film resistivity, mainly due to high resistivity of the
overlapping points between individual flakes. Furthermore, solvents as NMP remain

trapped in the structure during the deposition, even further increasing both sheet
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resistivity and surface roughness. A breakthrough in this synthesis technique is ex-
pected with optimization to increase lateral flake size to over 10 pm, in addition with
further development of functionalization, and in finding a suitable way to chemically
bond and interconnect flakes creating a continuous films [5].

Process of graphene synthesis by reduction from graphene oxide (GO) is very
similar to the LPE process [164, 167, 168]. The major difference between these two
processes is the fact that prior to sonication graphite is oxidized. This increase inter-
layer separation, and makes exfoliation much more efficient (even in water). The
resulting suspension consists of almost only single-layer flakes of GO. However an
additional step is required to reduce graphene oxide into graphene. This step can be
preformed either in solution, or after the film deposition. GO can be reduced either
by annealing, or exposure to UV light or through chemical reduction. However, the
remaining material is never fully reduced, and has a significant amount of defects.
For this reason it is called reduced graphene oxide (rGO) and not graphene.

Besides here mentioned, there are other very interesting fabrication methods, as
bottom-up molecular assembly of graphene nano-ribbons [169]. Using this method
it is possible to fabricate nano-ribbons with well defined edges and geometries, and
even to make much more elaborate interconnections as ”'T” and ”Y” joints. However,
bottom-up molecular assembly is limited to metallic substrates and fabrication cost
are currently too high for applications in electronics. There are also ways to grow
graphene on dielectric substrates, as demonstrated by molecular beam epitaxy [170].
However, quality of these films is still not comparable with CVD graphene trans-
ferred onto a dielectric substrate, and fabrication costs are several times greater. One
more interesting fabrication approach is laser ablation of graphite [171]. However
this fabrication process produces structures similar to spray-coating of chemically
exfoliated graphene (LPE or rGO), but at much higher cost.

The following subsections will focus on two most commonly used techniques for
graphene fabrication: micromechanical exfoliation (Sec. 2.1.2) and CVD growth
(Sec. 2.1.3). These two methods were also used within the publications that are

related to the dissertation [82, 83, 91, 92].
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2.1.2. Micromechanical exfoliation

Micromechanical exfoliation technique is based on a well known method in miner-
alogy called cleavage. It exploits the tendency of crystalline materials to split along
definite crystallographic structural planes [172]. These planes of relative weakness
are a result of the regular locations of atoms and ions in the crystal. It is not re-
quired that material has Van der Waals’ forces in the direction perpendicular to the
cleavage plane, since cleavage techniques include exfoliation (pealing), cutting and
controlled breaking (as with Si wafers). Based on the direction (i.e. parallel to a
crystallographic plane) in which cleavage occurs it can be split into basal, cubic,
octahedral, dodecahedral, rhombohedral and prismatic. It is also possible to cut
crystals along more elaborate planes, this can be used to create well defined terraces
on the atomic level. However, this is not usually referred to as cleavage.

Basal cleavage, or cleavage parallel to the crystallographic {001} plane is the most
common one. All of the two-dimensional Van der Waals’ materials have their unit
cells connected by Van der Waals’ forces in a direction perpendicular to the basal
{001} plane. In material science, basal cleavage is used to obtain near perfectly flat
surfaces of highly oriented pyrolytic graphite (HOPG), or mica group materials and
others. In the scanning tunneling and the scanning electron microscopy, and in the
atomic force microscopy these materials have been used as substrates, since after
cleavage they gave almost perfectly flat surfaces ranging from tens to thousands
of micrometers. These surfaces are excellent for imaging nanostructures that are
deposited on them, as nano-powders, self-assembly nanostructures, quantum dots,
or whenever a substrate imperfections would affect measurements of nanoscopic
structures.

As said, the result of cleavage is near perfect surface of the material along well de-
fined crystallographic plane, and it does not matter how many layers of the material
are remaining below the exposed surface. Micromechanical exfoliation is based on
cleavage but has one additional requirement, there should be no material left under
the surface produced by cleavage, i.e. cleavage should give only one atomic layer of
the material. Although it might sound impossible, micromechanical exfoliation is
actually favorable process, and if done properly it should produce surfaces of only
one atomic layer with relatively high yield. Micromechanical exfoliation exploits
weak Van der Waals’ forces existing in crystal graphite. In all the cases exfoliated

graphene needs to be supported (or at least partly supported) by a substrate. If
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the substrate is properly chosen and prepared, flake of a crystal graphite with a
cleaved surface will "hold” to the surface of the substrate also by Van der Waals’
forces. The trick in micromechanical exfoliation lies in the fact that Van der Waals’
forces between the cleaved surface of graphite (i.e. the surface layer) and the sub-
strate are stronger than the forces between each graphene layer in graphite. So if
we would have a flat substrate surface with a graphite flake firmly attached to it by
Van der Waals’ forces, an additional cleavage of that surface would remove all the
graphite but that last layer which remains on the substrate. As a result a single layer
graphene is obtained. Detailed exfoliation and substrate preparation procedures are
given in appendices B1 and B2. Micromechanical exfoliation can be used to prepare
mono-atomic layers of not only graphite by of many other Van der Waals’ materials
as MoSz, WSy, WSes [3, 4].

Properties of the exfoliated graphene are unparalleled. The exfoliation process
is conceived in a way that the resulting graphene layer is not exposed to anything
but other graphite layers, substrate and the ambient. Exfoliated samples are al-
ways single crystals, usually with well defined crystal edges. Number of layers is
always constant. Any number of layers could be produced by this method, although
thinner structures (less than ten layers) are more favorable. Since starting material
(crystal graphite) has very low amount of defects, obtained graphene samples have
lowest amount of defects in their crystal structure compared to any other synthesis
methods. Most of the unexampled properties of graphene (see Sec. 1.3) have been
demonstrated on the exfoliated samples.

However there are many drawbacks of this method. The biggest one is that
it would be almost impossible and certainly never cost-effective to scale up the
production of exfoliated graphene to an industrial level. For this reason exfoliated
graphene is used in fundamental research, proof-of-concept (or prototype) devices,
and could be extended to very small series of highly sophisticated devices. There
are also technical issues as, no direct control over the number of layers, flakes size,
shape and position on the substrate. All these technical issues can be overcome
by statistics, i.e. making large number of samples and using those that were best
suited for the planned experiment. Depending on the requirements, the yield is

usually one-tenth or even one-hundredth of the prepared samples.
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2.1.3. Chemical vapor deposition (CVD)

Chemical vapor deposition (CVD) has been used for thin layer deposition in semi-
conductor industry for decades [173]. The process always consist of a precursor
material that is introduced in a growth (deposition) chamber as a vapor. Precursor
deposits on a substrate, where a chemical reaction occurs, either within the pre-
cursor, or precursor and carrier gas, or precursor and a substrate. As a result the
desired material is deposited on a substrate. There are many different types of CVD
processes as thermal, plasma enhanced, cold wall, hot wall, reactive CVD and others.
Also many different precursors can be used. Precursors can either be solid, liquid or
gas. However, the precursor is always introduced into a growth chamber as a vapor
[174]. Solid precursors are either vaporized, or dissolved using a proper solvent, and
then vaporized and introduced to the growth chamber. The transport of a precursor
is usually aided by a carrier gas (or gas mixtures). The process and precursor type
is usually dictated by the desired material quality, thickness, structure and cost.
Graphene can be grown by CVD on various metallic surfaces using many differ-
ent processes and precursors, even growth with chocolate as a precursor has been
demonstrated [175]. However, predominant method is thermal low pressure CVD
(LP CVD) with hydrocarbon gasses as precursors and various metals as substrates.
Initially graphite layers were grown on nickel by exposure of heated (900°C) Ni
surface to methane by A. E. Karu and M. Beer [176]. These thin graphite layers
were used as a sample support for electron microscopy. The first results of growing
graphene by a CVD process were carried out by LP CVD on single crystal iridium
[177]. Since Ir is expensive, the process was translated to other metallic substrates,
ideally metallic foils and thin films that are compatible with the existing silicon
industry. Graphene growth on nickel [178] and cobalt [179, 180] results with multi-
layer structures. The reason is high solubility of carbon in these metals [178, 179,
181, 182, 183]. A simple approach to reduce the number of layers would be to use
metal that has very low solubility of carbon. As it turns out the metal of choice is
copper. The first results of a single-layer CVD graphene greater than several square
centimeters, were reported by X. Li and coworkers [184] There, a polycrystalline Cu
foils were used as a substrate. Interestingly, due to a low solubility of carbon in
copper, the CVD process is self-limiting, resulting with over 95 % coverage of the
single-layer graphene. Remaining less than 5 % consists of bi- and tri-layer graphene

[184, 185]. The fact that graphene grown on copper is self-limiting to a single atomic
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layer is a great advantage for copper as a material of choice for CVD growth. LP
CVD growth of graphene on copper was scaled up to the industrial level by S. Bae
and coworkers [121], resulting with thirty inch diameter continuous films.

The process of LP CVD growth of graphene on copper goes as followed: Carbon
atoms are introduced to a growth chamber as hydrocarbons. As they come to the
contact with a Cu substrate that is held at over 1000°C hydrocarbons decompose
and graphene starts to nucleate on the surface of Cu. Nucleation grains are single
crystal, but as each grain grows they start to collide and to form grain boundaries.
These boundaries are considered as defects, since they do not have the regular
hexagonal crystal structure. Resulting film is continuous and can be considered
as polycrystalline graphene. Besides grain boundaries, CVD grown graphene films
also have wrinkles, these are the consequence of the step-edges (grain boundaries) in
copper substrate, as well as the difference between the thermal expansion coefficients
of copper and graphene [186]. These wrinkles do not have to follow grain boundaries
of graphene. All of these are a problem for using CVD graphene in electronics, since
properties of a device would depend on the number of grain boundaries and wrinkles
that happen to be in the channel.

There are ways to optimize growth of graphene on copper, by better preparation
of the copper surface, single crystal domains over 4.5 mm? were demonstrated [187].
Furthermore, controlling copper surface oxidation can result with even a centimeter
scale single crystal domains [188].

For some applications it would be desirable to grow only bi-layer or only tri-layer
graphene. An interesting way to achieve this was introduced by mixing copper and
nickel in a certain percent, thus making the growth process self limiting to very

specific number of graphene layers [189].

2.1.4. Graphene transfer techniques

Graphene grown by CVD is always supported by a metallic substrate, either as a
foil, thin film or single crystal. To exploit most of graphene’s properties it is neces-
sary to have graphene supported an insulating substrate. For this reason graphene

transferring process has been developed. Besides freeing CVD grown graphene from
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its metallic substrate, this technique is also applied for detaching graphene grown on
a SiC, and for transfer of exfoliated flakes, of both graphene and other 2D materials,
and even for creating Van der Waals’ heterointerfaces. The later refers to a transfer
of one VAW material over the other and so on, creating a stack or a ”sandwich” of
2D crystals [190, 191].

The transfer process, in its simplest form, goes as followed: First a sacrificial layer
is deposited over graphene, this layer supports graphene during the transfer proce-
dure. Then graphene is detached for its original substrate, and transferred onto
a desired substrate. After placement the supporting (sacrificial) layer is removed,
leaving graphene on the desired substrate. Although the process is essentially very
simple, graphene is still a single atomic layer, and this process can introduce large
amount of unintentional doping, cracks, wrinkles and defects, all of which can ren-
der transferred graphene layer useless. There are many steps that can be done to
minimize damaging graphene during this process. Based on the way that graphene
is detached from its original substrate, transfer process can be classified as "wet” of
"dry”. In a case of a wet transfer both faces of graphene come to a contact with a
liquid at some point during the transfer process, while with the dry transfer liquid
comes in contact only with one side, thus leaving the other side uncontaminated.
Dry transfer is most commonly used for exfoliated samples of various VAW materials
[191]. For this purpose samples are exfoliated on a specially prepared substrates,
usually on a poly(dimethysiloxane) (PDMS) film supported by a silicon wafer. Af-
ter exfoliation graphene/PDMS stack is detached from the silicon, turned "up side
down” and placed on the targeted substrate. Finally PDMS is removed, exposing
what is then a top surface to the solvent liquid. However this method is not possible
for CVD grown graphene. In the case when a supporting substrate is not easily
removed in a solvent, a wet transfer procedure is used, and it will be the focus of
the remaining text in this subsection.

Graphene wet transfer technique was adopted from the carbon nanotubes, where
as a supporting layer either PDMS [192] or poly(methyl methacrylate) (PMMA)
[193] were used. The first demonstration of a wet transfer of exfoliated graphene
was reported by A. Reina and coworkers [194]. There a graphene flakes exfoliated on
a Si0,/Si substrates were supported by a PMMA layer, and SiO, layer was etched
using hydrofluoric acid. After placement of a graphene/PMMA stack on a targeted
substrate, supporting PMMA layer was rinsed away with acetone. Transfer of CVD

graphene from Ni or Cu foils and thin films is carried out in a similar manner as
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for exfoliated graphene, with a difference that etching of a metal layer is done with
aqueous solution of FeCly or HCI [178, 195]. As a supporting layer PMMA is most
commonly used. A simpler way to support graphene would be to use thermal release
tapes [121]. These tapes are designed in a manner that after heating up to a certain
temperature (usually above 90°C) the glue film degrades and the material held by
the tape is released. Big advantages of using these tapes as a support for graphene
transfer are low-cost, simplification of the fabrication steps and most importantly
these are compatible for integration in a roll-to-roll mass-production [121]. However,
the major disadvantage is the fact that after the material is released, a lot of tape
residue remains on the top surface. This residue prohibits fabrication of external
contacts, and limits the use of this technique to the case when the top side of the
graphene film is not used after the transfer process.

A transfer process used within the dissertation is adopted from [195, 196, 197],
and details are presented in App. B3. In order to minimize the introduction of
cracks and folds during rinsing of the sacrificial PMMA layer, it is important to
allow the stacked structure to relax on the targeted substrate. This is carried out
by heating the targeted substrate with grphene/PMMA stack on top of it, and by
drop-casting additional PMMA to dissolve the existing film and allow for graphene
to relax and follow morphology of the targeted substrate [195]. This way number
of cracks in graphene film is significantly reduced, and folds created by thermal
mismatch of graphene and copper, as well as folds originating from copper terraces.
The average distance between two folded structures is increased from about 2 um
to over 10 pum.

After the graphene layer is firmly attached to the desired substrate, PMMA layer
needs to be rinsed. This is done most commonly in acetone and deionized water.
However, a thin layer of undissolved PMMA always remains on the surface of the
sample. This layer can be between one and ten nanometers thick, and tends to
form even larger structures near any folds or defects in graphene film [196]. Most
common way of cleaning graphene from the transfer residue is thermal annealing at
temperatures ranging from 250°C to 500°C, in formic gas mixture (Hy:Ar). However,
this process can introduce a large amount of cracks as well as structural defects [198].
The other, very promising approach is to let the remaining PMMA residue dissolve
in an acetic acid for an extended period of time. As it was demonstrated by M. Her
and coworkers [197], this method can produce very clean graphene surfaces with very

low amounts of cracks, folds and transfer residue. There are many other methods
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to aid graphene transfer, and to minimize the waste of metallic foils, as Hy bubble
assisted etching of the metallic foil [199, 200] and using plastic frames to support
graphene/PMMA structure and avoid deposition of thick PMMA layer [200].

2.1.5. UV photolithography and device fabrication

As it was discussed in Sec. 1.1.5, by having an electrical contact on graphene, and
a parallel electrode separated by an insulating layer, as in a case of a simple parallel
plate capacitor, one can change the position of the Fermi level in graphene with the
respect to the Dirac point. As a parallel plate electrode, simplest would be to use the
silicon substrate (usually highly doped), this is referred to as a ”back-gate” electrode.
By applying a voltage between graphene and a back-gate, carrier concentration and
a type of the majority carriers in graphene can be changed from its equilibrium
value. The energy used to do this is supplied by the voltage generator, and as soon
as the generator is switched off the amount of carriers in graphene will return to the
value dictated by the unintentional doping (i.e. substrate and ambient interaction).

To be able to exploit an electric field effect in graphene, only one electrical (metal-
lic) contact is required. In some cases (large LPE, rGO or CVD films) it is as simple
as attaching (bonding/soldering) a wire to the graphene electrode, however if the
sample is only few micrometers large, or the separation between two electrodes needs
to be small (from few nanometers to few micrometers) the process of making an elec-
trical contact to graphene sheet becomes much more elaborate. To be able to track
the change of the Fermi level position in graphene, the easiest would be to have at
least two electrical contacts, and to monitor the change of the resistivity (as shown
in Fig. 1.7). This subsection will present various methods of making microscopic
electrical contacts to graphene sheet, and will focus in greater detail on the fabri-
cation methods used within the dissertation: positive mask UV photolithography
and shadow mask deposition of gold electrodes. The technical details regarding the
fabrication steps are given in App. B4.

Lithography processes were developed as an essential toolbox for miniaturization
of integrated electronics. Various lithography processes that can fabricate structures

on a nanometer scale are the core of a modern microelectronics and present some
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of the finest and most advanced fabrication processes achieved by the mankind.
Current state-of-the-art processes can mass-produce electrodes that are less than
20 nm apart from each other. Most of the lithography processes are developed for
the silicon-based industry, and luckily graphene is compatible with many of these
techniques. Various lithography processes can be used in graphene-based devices
to fabricate top-gate, side-gate or buried-gate electrodes, or to pattern graphene to
form various geometries as Hall-bars, or to encapsulate graphene in various dielectric
films (as Al,O3, or HfO,). The focus here will be on the simplest of all processes,
defining a set of microscopic metallic contacts.

There are two different approaches to fabricate metallic contacts: one is to evap-
orate metal through a predefined pattern (shadow mask or "lift-off”), the other is
to cover the entire surface of the sample by a metallic layer, and then to selectively
etch the metallic film to create a desired pattern. The later has many advantages,
regarding resolution, metallic film adhesion, and metallic film thickness limitations.
This process is commonly employed to make contacts with Si-integrated elements
(as MOSFET-s). However, etching of metallic films is not possible for the case of
graphene-integrated devices. This is simply because etchants used to selectively
remove gold films will also remove graphene layer. For this reason, shadow-mask
and lift-off techniques are predominantly used for graphene-based microscopic device
fabrication, and the focus of this subsection will be on various processes included
into these two techniques.

Simpler of the two would be a shadow-mask technique. There, a metallic mask is
places over the sample surface and using micrometer screws or piezo-manipulators
the mask is positioned as desired over the sample. The mask is usually made out
of steel or nickel foils with less than 100 micrometers thickness (these foils are
very rigid) and have openings with the desired contact geometry. These openings
are usually defined by laser ablation and are limited to about 10 micrometers in
resolution. Afterwards, a metallic film is deposited over the mask/sample stack.
Metallic film deposition is usually done by either physical vapor deposition (PVD)
or sputtering. In this case PVD would be the deposition method of choice, since
the material is deposited with a top-down direction, while in the case of sputtering
metallic film can cover side walls as well (For more details regarding PVD process,
see App. B4). After the deposition, shadow-mask is simply removed leaving the
desired structure on the surface of the sample. The main advantage is that no

photoresist was used, meaning that no chemicals have come in the contact with
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the sample. Also, adhesion of the metallic film on the surface is not an issue since
it is not exposed to any stress, unlike in the case of a lift-off. This is important
since no adhesion metallic layers need to be deposited prior to the main metallic
film. These adhesion layers (usually Ti, Pd or Pt) can create strong Schottky barriers
between metallic film and graphene channel. The main drawback of this technique is
low spatial resolution, and poorly defined contact edges (usually several micrometer
gradients). This technique is limited to about 50 micrometers resolution. Resolution
depends mainly on the complexity of the device geometry, and in some very special
cases shadow mask technique can make structures with spatial resolution of less
than one micrometer.

In most cases fabrication of metallic contacts on graphene uses a lithography
based process with a photoresist patterning, metallic film deposition and finally
lift-off (or stripping). Based on the manner that a photoresist is patterned, this
can be split into electron-beam lithography (EBL), direct laser writing (DLW) and
UV photolithography. Each has its own advantages and disadvantages. DLW is
best suited for fast device prototyping, however its resolution is limited to about 1
pm. EBL has a superior resolution, capable of producing patterns with about 10
nm line width. However, EBL is most complicated technique, and has issues with
aligning the patterned structure with a randomly oriented graphene samples. UV
photolithography is fastest of the three, however sample geometries are limited to
those predefined on the mask, and its resolution is comparable with DLW technique.

Regardless of the photoresist patterning process all the other processes are the
same. These are schematically presented in Fig. 2.2. The process goes as as followed:
First a photoresist is spin-coated over the entire substrate (Fig. 2.2(b)). The pho-
toresist is made out of long polymer chains, chosen in such a way that after exposure
to UV light or electron beam irradiation these chains are broken and the polymer
can be selectively monomerized. This process of selective monomerization is shown
in Fig. 2.2(c), for the case of UV photolithography. There, a lithography mask is
placed over the photoresist and the entire structure is exposed to a parallel beam
of UV light. Light passes only through the well defined pattern in the mask (made
by another EBL or DLW process), thus selectively exposing the resist. Afterwards
exposed parts of the resist are washed away, this is possible since monomerized parts
dissolve about hundred times faster than the parts where long polymer chains have
not been broken. This step is called development, and as a result gives a patterned

photoresist layer (Fig. 2.2(d)). Next, a metallic film (usually gold) is deposited over
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(a) (b)

(d) (f)

Figure 2.2.: (a) to (f) schematic representation of the positive mask UV pho-
tolithography process for deposition of microscopic gold electrodes over

graphene.

the entire structure. Next, the most crucial step, called lift-off, removes unwanted
resist layers along with the metallic film deposited over them. This is possible since
the photoresists made for lift-off expand in certain chemicals (usually acetone). By
doing this the remaining resist pushes away metallic film that is deposited over
it (Fig. 2.2(e)), and only the desired metallic structure that holds to the sample
surface remains (Fig. 2.2(f)). There are many parameters of the process, as con-
tact geometries, photoresist thickness, exposure and development time, metallic film
thickness, use of adhesion layers, and many other. All of these need to be fine tuned
to obtain desired structures on the sample surface. The details regarding a specific
set of parameter for UV photolithography used within the dissertation is given in
App. B4.

The main advantage of this procedure is high spatial resolution of the metallic
contacts. In case of UV photolithography and DLW, two metallic pads on graphene
sample can be separated by about one micrometer of the device channel. EBL can
create much shorter channels, reaching almost 10 nm of channel length. However,
the major drawback is the fact that graphene surface is exposed to photoresist and
solvents used for the lift-off. All of these tend to contaminate graphene devices and

affect their properties. Processes to remove the photoresist residue are very similar
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to those used for the removal of transfer residue (see. Sec. 2.1.4).
Once the contacts are fabricated, they can be used to electrically probe graphene
and to obtain information on many of its properties. This will be the topic of the

next section.
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2.2. Graphene characterization

As it was shown in the previous section, there are many ways to fabricate graphene
and graphene-based materials. Different synthesis techniques will give materials
with different properties, so it is important to have a "tool-box” that can reliably
characterize various types of graphene.

This section will focus on some of the most common methods used for graphene
characterization, as optical microscopy, Raman and infrared spectroscopies, scan-
ning probe microscopy, and measurements of direct current electrical characteristics
of graphene. All of these methods are not only used to locate the samples and deter-
mine their properties, but are also used to corroborate ellipsometric measurement
by defining values for parameters within optical models, which is a topic of the next

chapter.

2.2.1. Optical microscopy

In almost all cases graphene samples are not spatially uniform over the entire sub-
strate. This is quite obvious in the case of exfoliated graphene where micrometer
sized flakes are randomly positioned on the centimeter sized substrate (for more
details see Sec. 2.1.2 and App. B2). Also, transferred CVD graphene or deposited
LPE graphene films might not be uniform, having multi-layer regions, overlapped
regions, or regions with large amounts of residue. For all these reasons simple op-
tical microscopy is a very powerful tool to quickly select regions of interest on the
substrate, even by naked eye. Besides locating the samples, or regions of interest,
optical microscopy can be used to quickly estimate number of layers, and to calcu-
late surface area of the sample. This subsection will focus on exfoliated graphene on
a SiO9/Si substrates. However, the discussion is quite general and can be applied to
graphene synthesized by other routes, or to other Van der Waals’ materials, if their
complex refractive indices are taken into account.

Graphene was first visualized by an optical microscope on a SiO./Si substrate
with about 300 nm thick oxide layer [1]. Since graphene absorbs about 2.3 % of
the incident light, it should be visible on any bulk substrate, but as a dim shadow.
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Figure 2.3.: (a) Schematic representation of the optical model used to calculate con-
trast between graphene and its substrate. (b) Contrast map C(da, \)
as a function of SiO, thickness ds and incident light wavelength A. Nu-
merical aperture has not been accounted for. The contrast map has
been obtained by plotting Eq. 2.7 in MATLAB, as a function of both
thickness of the SiOs layer and incident light wavelength.

Taking into account any existing structure on the surface of the substrate and mi-
nor imperfections of the optical microscope, it becomes almost impossible to spot
graphene on bulk materials. There is a reason why graphene is easy to find of a
300 nm SiO9/Si, and it is the interference of the visible light within the SiO, layer.
If the thickness of the oxide layer is increased by only 5 % (315 nm), the contrast
is significantly reduced [61, 201]. Also, optical contrast viewed by a naked eye or
color cameras is a very subjective quantity, and various groups have reported the
different contrast of graphene viewed by an optical microscope [201].

It is relatively simple task to optimize contrast of graphene on a SiOs/Si sub-
strates, and it was first reported by P. Blake and coworkers [61]. This can be done
within a simple model using only Fresnel equations [153]. These are based on a set
of Maxwell equations for electromagnetic field, written on a boundary conditions
between two materials. In the case of graphene over SiO,/Si we have a four phase
system with three boundary conditions, as shown in Fig. 2.3(a). Considering normal

incidence of light, reflected light intensity can be easily obtained as:
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no to n3 stand for complex refractive indices written as Re{n}-i/m{n}, and denote
air, graphene, SiOy and Si, respectively. Complex refractive index of graphene was
obtained using a Fano resonant model, with parameters taken from [83]. Thickness
of graphene was kept fixed at d; = 0.335 nm, which is equal to the extension of the 7
orbitals out of the graphene plane [202]. In order to optimize the contrast equation
2.1 can be considered as a function of both wavelength of the incident light A and
thickness of the SiO, layer dy, i.e. I = I(dy, A). Contrast can be evaluated as the
difference of the reflected light intensity from the substrate covered with graphene
and the bare substrate. This can be written as:
I(ny =ng) — I(ny)

C(da, \) = o =)

(2.7)

Now, by varying d, and A a contrast map can be obtained, as shown in Fig.
2.3(b). As it can be seen, maximal contrast appears in the UV region, near the
exciton-shifted van Hove peak in absorption (see Sec. 1.2.4). For UV light it is
possible to have contrast over 30 %, if the substrate has about 65 nm thick SiO,
layer. However, if we consider looking for graphene by the naked eye, we need to
account for the fact that our eyes are most sensitive to the shades of green (between
500 nm and 600 nm). The SiOq thicknesses of choice would than be about 90 nm
and about 290 nm, with +10 nm of tolerance. The expected contrast would then
be about 10 % when white light is used. Fifgure 2.4 shows the difference between
graphene and a SiO,/Si substrate for two different SiO, thicknesses of 85 nm (Fig.
2.4(b)) and 295 nm (Fig. 2.4(c)).
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I:‘

Figure 2.4.: (a) Zeiss reflection microscope, used for sample detection. (b) and (c)
single-layer graphene samples on a SiO,/Si substrate with SiOq thick-
nesses of 85 nm and 295 nm, respectively. Different color of the substrate
comes from the different SiO, thickness, i.e. the different condition for
the destructive interference of light due to the change in the optical path
within SiOs.

There is yet another way to even further increase the contrast. The microscope
setup does not have to be top-down, but light source and focusing optics can be
tilted from the axis that is perpendicular to the sample plane by an arbitrary angle
. This setup is called Brewster angle microscopy (BEM), since the best contrast
can be obtained when the microscope tilting angle is set to be near the Brewster
angle of the sample. In that case, either for the sample or for the bare substrate the
condition for the destructive interference of the s-component of the electromagnetic
field (component perpendicular to the plane of incidence) can be satisfied, while for
the other it is not. This could give 100% contrast if monochromatic polarized light
is used. In Sec. 4.1.1 Fig. 4.1(a) and (b) shows a comparison between convectional
reflection microscope images and BEM images of the same samples. BEM images
were taken with monochromatic polarized light A = 430 nm with a full width at half
maximum of 10 nm. Incident angle was § = 60° for both samples, which is near
the Brewster angle of both structures. Even with these parameters that are not
optimized for the maximum contrast, the difference in contrast between top-down
microscopy and BEM is quite obvious.

The light interference within SiOs layer used for achieving better contrast and
easier detection of graphene has been also used to increase sensitivity of ellipsometric

measurements. This is discussed within Sec. 3.4.3 and within references [83, 92].
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2.2.2. Raman spectroscopy

Raman spectroscopy is used to observe vibrational, rotational, and other low-frequency
modes of a material. It is based on inelastic scattering of monochromatic light,
usually from a laser in the visible range. The laser light interacts with molecular
vibrations, phonons or other excitations in the system, resulting in the energy of
the reflected (or transmitted) photons being shifted up or down. The shift gives

information about the energy of the vibrational modes in the system [46].
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Figure 2.5.: (a) Jobin Yvon T64000 Raman spectrometer used for measurements
of graphene’s Raman spectra. (b) Schematic representation of optical
path and elements of JY T64000 monochro-mator capale of working in

a triple additive or subtractive mode.

Raman spectroscopy has proven as a very useful toll for characterization of graphene
[203, 204]. This subsection will focus on some of the most prominent features of
graphene’s Raman spectra, and will discuss the information about sample quality,
number of layers and doping that can be obtained from the Raman spectra. Within
the thesis several raman spectroscopy systems have been employed for measuring
graphene’s Raman spectra, all of the measurements were carried out at room tem-
perature and under ambient conditions. Figure 2.5(a) shows a Jobin Yvon T64000
Raman spectrometer, which was most commonly used for sample characterization,
while a schematic representation of the optical elements and path is shown in Fig.
2.5(b).

Let us focus on phonon dispersion of graphene. Since unit cell of graphene con-
tains two carbon atoms, there are six phonon dispersion bands [15], three acoustic
branches (A) and three optical phonon branches (O). Two branches (one acoustical

and one optical) have atomic vibrations perpendicular to the graphene plane. These
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Figure 2.6.: (a) Raman spectra of a single-layer exfoliated graphene. (b) Raman
spectra of a single-layer CVD graphene with significant amount of de-

fects. (c) Phonon dispersion of graphene (reprinted from [205].)

are referred to as out-of-plane modes (0). The remaining four branches are in-plane
modes (7). These in-plane vibrations can be either longitudinal (L) or transversal
(T'), with the respect to the A-B carbon-carbon direction. Following this classifi-
cation, the phonon dispersion branches of graphene can be denoted as: ¢LO, iTO,
oTO, iLA, iTA and oT'A. Phonon dispersion is shown in Fig. 2.6(c). At I' point
iLO and 7T'O are degenerate. They belong to the Ey, representation and therefore
are Raman active modes [203]. This is the only first-order Raman active mode in
graphene. It is denoted as G mode and its frequency is usually at ~ 1580 cm ™!
(when measured with a 514 nm green laser). This mode is present in graphene,
multi-layer graphene, various types of graphite, carbon nanotubes, and in many
other materials that have sp2 hybridized carbon-carbon bonds.

Besides G mode, there are two more most prominent modes in Raman spectra
of graphene. A double-resonant mode, usually denoted as 2D or G’ is present at a
frequency of ~ 2700 cm ! (with a 514 nm laser). This mode originates from a second
order process involving two 70 phonons near K point. This mode is called 2D since
it has approximately double the frequency of a defect-induced mode D. However
2D mode is not related to any defects in the structure and is even more prominent
in highest quality (defect free) samples. The other prominent second-order process

involves one ¢7'0O phonon and one defect. It is referred to as disorder-induced or

75



2. FABRICATION AND CHARACTERIZATION METHODS

D-band and its frequency is usually at ~ 1350 cm ™! (with a 514 nm laser). Presence
of a D band suggest imperfections in the crystal structure or crystal edges, and is
commonly found in polycrystalline (CVD) samples. Figure 2.6(a) and (b) shows
Raman spectra of single-layer exfoliated and CVD grown graphene, respectively. As
discussed in the previous section, exfoliated graphene is defect free and has only
G and 2D modes. On the other hand, CVD graphene (Fig. 2.6(b)) has crystal
boundaries with irregular crystal structure, as well as microscopic cracks, folds and
transfer residue. All these cause a prominent D-mode.

None of the previously mentioned characterization techniques can unambiguously
confirm number of layers in a graphene sample. In most cases this is easily done by
examining the Raman spectra of the sample. For this, a profile of the second-order
2D mode is used. In a case of a single-layer graphene 2D mode can be well fitted
with a single Lorentzian line. However, having two or more layers will give different
and more complicated 2D peak profiles. Figure 2.7(a) shows 2D mode for a single-
to five-layer graphene (bottom-up) and 2D mode of HOPG (N-layer graphene).
This method is very reliable for counting number of layers, up to five or six layers
of graphene. For more layers it becomes much harder to distinguish fine structural
difference of the mode profile, compared with a bulk graphite [203, 206].

Furthermore, Raman spectroscopy can be used to determine type and amount of
the unintentional doping and strain induced within the sample. Uniaxial strain is
the easiest to detect in Raman spectra, since it breaks the symmetry of graphene’s
crystal structure, lifting the degeneracy of 7O and ¢ LO in the Brillouin zone center
(I point) and causing G mode to split [207]. In order to distinguish splitting of G
mode from the mode broadening it is required to apply uniaxial strain on the order
of 0.5 %. However, uniaxial strain is not commonly present within the samples,
especially not at such a high intensity. More common is bi-axial strain, introduced
by the mismatch of the thermal expansion coefficients of graphene and supporting
sample, or introduced during micromechanical exfoliation, or during transfer process.
Unfortunately, bi-axial strain is much harder to distinguish from doping of graphene,
only by examining Raman spectra of the sample.

If strain can be neglected, it is relatively straight forward to determine type and
amount of the carrier concentration in graphene by examining positions, widths (full
width at half maximum; FWHM) and relative intensities of G and 2D modes. These
were first reported by measuring Raman spectra of exfoliated [45] and CVD [208]

graphene, while a carrier concentration in graphene was controlled by electrolyte
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Figure 2.7.: (a) Raman spectra of a double-resonance (2D) mode, for various layer
numbers of exfoliated graphene (reprinted from [206]). HOPG denotes
highly oriented pyrolytic graphite, i.e. N-layers of graphene. (b) Spatial
variations of G and 2D modes width (full width at half maximum -
FWHM), position and relative intensities. Measurements were taken on

a single-layer CVD graphene transferred onto a SiO,/Si substrate.

gating. Figure 2.7(b) shows fitting results for ten measurements with the different
position (several micrometers apart) of the laser spot on the same single-layer CVD
graphene sample transferred onto a SiOs/Si substrate. G and 2D modes of the
measured spectra were fitted with single Lorentzian lines. Both the peak positions,
widths and the relative intensities indicate a weak p-doping of graphene [45, 208],
which is most likely caused by the transfer process [45, 208]. Considering averaged
data (solid lines in Fig. 2.7(b)) gives hole concentration of about 6(£2) x 102 em™2,
corresponding to the Fermi level (Er) shift of about —0.2(40.05) eV, from the Dirac
point. Large uncertainty comes from the local variations of the mode’s positions,

widths and intensities, marked as shaded area in Fig. 2.7(b). These point-to-
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point variations were attributed to spatially non-uniform adhesion, resulting in non-
uniform doping by the substrate and non-uniform strain [209, 210, 211]. For this
reason, using Raman spectroscopy alone to determine low amounts of doping in the
sample is not very reliable. However, error introduced by the spatial non-uniformity
remains the same regardless of the doping level within the sample, and higher levels

of doping can be much more reliably detected by Raman spectroscopy [45, 208].

2.2.3. Scanning probe microscopy

Scanning probe microscopy (SPM) is a group of measuring techniques, that are gen-
erally used for imaging surfaces with an atomic spatial resolution. There are many
different SPM techniques, but some common constitutes to all are a scanning probe
and a feedback loop for controlling the probes height. Different techniques use dif-
ferent types of probes and feedback mechanisms, ranging from simple very sharp
tips of a tungsten wire, that can be used for scanning tunneling microscopy (STM),
or probes that use optical leaver in a feedback loop as in atomic force microscopy
(AFM) as shown in Fig. 2.8(a), or more elaborate probes as scanning single elec-
tron transistor (SSET) [212], or scanning gate microscopy (SGM) [213]. One of the
simplest measurements that can be carried out using most SPM techniques is mea-
suring sample topography. Height sensitivity and lateral resolution can vary from
several micrometers to below one nanometer, but commonly SPM systems have at
lest one order of magnitude better height sensitivity than the lateral resolution.
Some of more advanced techniques can measure (and map) surface potential, local
density of states, Young’s modulus and many other material (surface) properties.
This subsection will focus on two SPM techniques, applied on the case of graphene:
tapping mode atomic force microscopy (TAFM) and Kelvin probe force microscopy
(KPFM).

Many different AFM and STM techniques have proven as very useful for inves-
tigation of various graphene’s properties [214]. First ever image of a single-layer
graphene was made by an AFM [1]. Also, Young’s modulus of graphene was mea-
sured by an AFM technique [9]. Local density of states was measured by scanning

tunneling spectroscopy (STS) as well as Landau level splitting in high magnetic fields
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Figure 2.8.: (a) Schematic representation of an AFM measurements setup. (b)
NTEGRA spectra, coupled SPM and confocal Raman system that was

used in the dissertation.

[215, 216]. Electron-hole puddles, that form in pristine graphene as a consequence
of localized charged impurities in the substrate have been first visualized by SSET
[217], and STS mapping [218]. These electron-hole puddles are the strongest contrib-
utors to graphene’s resistivity in the charge neutrality point. Besides investigation
of graphene’s properties, SPM techniques can be used for nano-scale lithography
of graphene, either by molecular manipulation [219], local anodic oxidation [220] or
dynamic plowing lithography [221]. In the dissertation tapping mode AFM was used
mainly to corroborate ellipsometric measurements (see Sec. 3.3). For this TAFM
was employed for measurements of sample height, surface roughness and detection
of any nanoscopic dirt particles, or chemical or polymer residue on the surface. Fig-
ure 2.8(b) shows NTEGRA Spectra SPM system coupled with a confocal Raman
spectrocope. This system has been employed in the dissertation.

TAFM is commonly used in ambient measurements, to avoid formation of a lig-
uid meniscus layer (most commonly from water vapor). This layer keeps the tip
sticking to the surface, and greatly reduces both height sensitivity and lateral reso-
lution, since the effective area of interaction between the tip and the sample surface
is significantly increased by this liquid meniscus layer. Also, TAFM significantly
reduces any damage to the sample caused by the tip, compared with a contact AFM
technique.

In tapping mode, the cantilever is driven to oscillate up and down at near its
resonance frequency by a small piezoelectric element mounted in the AFM tip holder.

However, the amplitude of this oscillation is typically 100 to 200 nm. The interaction
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Figure 2.9.: (a) [222] and (b) TAFM topography images of an exfoliated single-layer
graphene flake and transferred single-layer CVD graphene, respectively.
(c) and (d) height profiles of denoted lines in (a) and (b) showing single-
layer graphene/dilectric substrate step edge.

of forces acting on the cantilever when the tip comes close to the surface, as Van
der Waals’ forces, or electrostatic forces and others, cause the amplitude of this
oscillation to decrease as the tip gets closer to the sample. First a certain amplitude
that is smaller than the free space oscillations of the tip is set, and the height between
the tip and the sample is reduced until this set value of oscillation amplitude is
reached. During the scanning, if the sample surface changes, the amplitude of the
tip oscillations will change as well. Then, the height between the sample and tip is
changed to restore this set value. At each point during the scan, this height change
is recorded, and as a result it gives a topography image of the scanned sample area.
TAFM topography images of exfoliated and CVD graphene are shown in Fig. 2.9(a)
and (b) with the corresponding sample/substrate step edges shown in Fig.2.9(c) and
(d).

Interestingly, in Fig. 2.9 both samples are single-layer graphene (confirmed by
Raman spectroscopy), yet TAFM has detected values of 1.3 nm and 0.65 nm, non
matching the expected 0.334 nm thickness. There are several issues that need to

be taken into consideration when interpreting AFM data. First, the sample usually
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have some trapped liquid layers underneath [74, 82, 92], most commonly a water and
air mixture. These can vary, depending on the fabrication method. In the case shown
in Fig. 2.9(a), exfoliated graphene has not been thermally annealed, thus a larger
water layer underneath is expected. On the other hand, in 2.9(b), CVD graphene has
been thermally annealed to remove most of the transfer residue, this has resulted also
with a partial removal of a water inter-layer. There is also another issue that needs
to be taken into consideration. Images obtained by AFM are also dependent on the
material properties of the tip and the sample, and various thicknesses of graphene
have been reported in the literature [1, 64, 223, 224, 225, 226]. As an example: K. S.
Novoselov and coworkers [1] have reported single-layer exfoliated graphene thickness
of 1 nm to 1.6 nm, measured by TAFM. A. Gupta and coworkers [224] have reported
0.7 nm as an average height of a single-layer exfoliated graphene, also measured by
TAFM. P. Nemes-Incze and coworkers [223] have analyzed how various approach
parameters of TAFM can affect the height measurements of single- and multi-layer
graphene on a dielectric substrates, and have found that an error as high as 1 nm
can arise while measuring multi-layer graphene height by TAFM. The measurement
error arises from the change in an interaction force between the tip and the sample
as the type of material changes (graphene/dielectric), while a change in height also
occurs. This is confirmed by the fact that steps between different number of layers
on the same exfoliated graphene sample commonly have 0.335 nm step height. For
all these reasons, TAFM is not reliable enough to determine a number of layers of a
graphene sample.

TAFM height profiles are not the only relevant information for correlation with
ellipsometry. By analysis of the topography maps it is possible to obtain surface
roughness of the sample, or to visualize dirt of transfer residue that is too small to
be spotted by optical microscopy. As an example, in Fig. 2.9(a) and (b), graphene
samples have significantly different structure. In Fig. 2.9(a) exfoliated graphene is
atomically smooth with only few localized dirt particles, while a transferred CVD
graphene (Fig. 2.9(b)) has transfer residue island few tens of nanometers in size,
in addition to wrinkles (for more details on CVD graphene see Sec. 2.1.3). These
residue islands are to small to see by an optical microscope. Also, there would be
only few of them present within a focused laser spot used for Raman measurement,
meaning that their contribution to D-band or presence of the vibrational modes of
the polymer that constitutes these islands might be too small to detect. All of these

information are required to better interpret ellipsometry measurements, and for this
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reason TAFM is very useful tool in correlation with ellipsometry.

The final part of this subsection addresses Kelvin probe force microscopy (KPFM).
This particular SPM technique that has been used in the experimental part of the
dissertation (Sec. 4.4) to probe graphene/gold interface. KPFM is also known as
surface potential microscopy. It is an atomic force microscopy (AFM) based tech-
nique that can map the work function of the surface at a microscopic level. It was
pioneered by M. Nonnenmacher and coworkers [227]. The work function of a surface
represents the minimum thermodynamic work (i.e. energy) required to extract an
electron form the surface of the material into a vacuum state just above the materials
surface. The final electron position is far from the surface on the atomic scale, but
still too close to the solid to be influenced by ambient electric fields in the vacuum.
The work function is not a characteristic of a bulk material, but rather a property of
the surface of the material and depends on the crystallographic orientation, rough-
ness, imperfection, impurities and contaminations of the surface. The work function
relates to many surface phenomena, including catalytic activity, reconstruction of
surfaces, doping and band-bending of semiconductors, charge trapping in dielectrics
and corrosion. The map of the work function produced by KPFM gives information
about the composition and electronic state of the local structures on the surface of
a solid.

KPFM measurements presented in the dissertation (and in Ref. [92]) were done
using the two-pass technique [228]. In the first pass, a topographic line was mea-
sured in the tapping mode. In the second pass, the tip was lifted by 30 nm and
moved across the surface following the topographic profile, obtained from the first
scan. During the second pass, a combination of an AC and DC voltage was applied
between the tip and the grounded silicon substrate. The frequency of the AC volt-
age was matched to the resonant frequency of the cantilever. The DC component
was then adjusted to cancel an electrostatic force between the tip and the sam-
ple, resulting with a zero amplitude of the cantilever oscillations (near its resonant
frequency). This procedure was repeated for every point of a selected area of the
sample. Resulting KPFM maps show the applied DC component, ¢.e. the contact
potential difference (CPD) between the sample and the AFM tip. An example of
a KPFM map is shown in Fig. 2.10(a). The map shows a two-point probe device
made by transferring CVD graphene over pre-fabricated gold electrodes on a SiO4/Si

substrate. The device is similar to the one shown in Fig. 2.13.
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Figure 2.10.: (a) KPFM map of a CVD graphene covering two gold electrodes and

forming a channel between them. Scanned area is 50x50 pm?. 1, 2

and 3 denote areas of graphene over SiO, (channel), graphene over elec-

trodes, and bare electrodes, respectively. (b) corresponding histogram

of (a), two dominant peaks are fitted with single Gaussian lines. (c)

schematic representation of the relation between measured CPD and

work function of each surface. W denotes work function.

In order to analyze KPFM maps, CPD histograms are used (Fig. 2.10(b)). Each

peak in a CPD histogram corresponds to a different surface on a KPFM map.

Relative shifts of the peaks represent the difference between work functions of the

two surfaces. The relation between a work function (W) of a given surface and
measured CPD is shown in Fig. 2.10(c).

in the measurements is known, then it is possible to obtain work functions of the

If a work function of a tip (Wy;,) used

measured surfaces. However, if Wy, is not known, then only a relative difference

between work functions of two surfaces can be measured. Here described procedure

for KPFM measurements and data interpretation is used in chapter 4 (and Ref.

[92]) to investigate interaction between graphene and a underlaying gold substrate.
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2.2.4. Fourier transform infrared spectroscopy

Infrared spectroscopy is an optical spectroscopy that deals with the infrared region
of the electromagnetic spectrum [46]. It covers a range of techniques, mostly based
on absorption spectroscopy. As with all spectroscopic techniques, it can be used to
identify and study various vibrational modes of solid, liquid, or gaseous samples.
A basic IR spectrum is essentially a graph of infrared light absorbance (or trans-
mittance) on the vertical axis vs. frequency or wavelength on the horizontal axis.
Typical units of frequency used in IR spectra are reciprocal centimeters (or wave

numbers), with the units cm™!.

A common laboratory instrument, that was also
used in the dissertation is a Fourier transform infrared (FTIR) spectrometer.

An FTIR spectrometer simultaneously collects high spectral resolution data over
a wide spectral range. This confers a significant advantage over a dispersive spec-
trometer which measures intensity over a narrow range of wavelengths at a time.
The term Fourier transform infrared spectroscopy originates from the fact that a

Fourier transform (a mathematical process) is required to convert the raw data into

the actual spectrum.

(b)

Figure 2.11.: (a) FTIR spectroscope Bomem DAS8 equipped with an IR microscope.

(b) scheme of the Michelson interferometer.

A FTIR spectroscope equipped with an IR microscope that has been used to
obtain the data presented in this subsection is shown in Fig. 2.11(a). FTIR spec-
troscopy is based on the Michelson interferometer shown in Fig. 2.11(b). The source
covers a large spectral range and is located at the focal point of lens L1, giving a
parallel coherent incident beam. This beam is separated into two parts by the beam

splitter (BS). The reflected part is focused onto the detector D after reflection
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from the stationary mirror M1 and after a second split by the beam splitter. The
transmitted part of the light is also focused onto the detector after it was reflected
from the mirror M2 and split again by the beam splitter. The mirror M2 is mobile
and can glide a distance Az. In this way interference fringes develop at the detector.
Their intensity I(x) depends on the position z of the mirror M2, or more precisely
by the difference in the optical path between the two beams. I(x) is called an in-
terferogram function. A Fourier transform of the interferogram gives the measured
intensity spectrum.

Let us assume that an electric field vector of the incident beam can be written as:
Ej(x,t) = Eycos (kx — wt), (2.8)

then an electric field at the detector (see Fig. 2.11(b)) is:
Ep(z,t) = %(EO cos (kox — wot) + Ep cos (ko(z + 2Az) — wot)) . (2.9)

Here 2Ax is the path difference between the two beams. For x = 0 both mirrors
are at the same distance from the beam splitter. By choosing = = 0 and substituting

2Ax = 2z and kg = 27y, light intensity at the detector is:

Co€0E02

I(x) = coeg (E?) = (14 cos (4mvpx)). (2.10)

Rewriting this equation by using a spectral intensity I(v) = coeoEZ0(v — 1) /2

gives:
o

/I(y)(l + cos (4rvz)) dv . (2.11)

0

I(z) =

N | —

The interferogram I(z) holds the whole information about the spectrum I(v). If

7[(u)dy -

then I'(x) is the Fourier transform of I(r) performed with a cosine function.

rewritten as:

I'(z) =1(z) —

N | —
N | =

/[(V) cos (4mvx) dv . (2.12)

Let us now focus on FTIR spectroscopy of graphene. As it was discussed in
the first chapter, in the infrared range there are both intraband and interband
contributions to optical properties of graphene. Intraband component is expected

to be dominant in the fahr infrared region (10-250 cm™!), while Pauli blocking of the
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interband component is expected to be in the mid infrared range (2501000 cm™1)
[184]. Here measurements were carried out in the near infrared region (1000-12500
cm™!), where optical conductivity of graphene is expected to be constant and equal
to the universal optical conductivity (oo = €?/4h), as it was shown in Sec. 1.2.1
and App. A.4. Analysis of infrared spectra of graphene in the near infrared range
can be of particular importance for counting the number of graphene layers in the
sample. In this part of the spectra graphene layers weakly interact with each other
and optical conductivity (or absorption) is linearly proportional to the number of
layers. This is a big advantage over Raman spectroscopy, or over SPM, since neither
one of these techniques is very reliable for measuring the exact number of layers for
samples with more five or six layers of graphene.

Infrared spectroscopy of graphene has been carried out on exfoliated samples of
single- and few-layer graphene. The samples were supported by a SiOy/Si sub-
strate with about 300 nm thick oxide layer. The chosen SiO, thickness gives higher

I and 7000 cm~!. An increased

sensitivity of the measurements between 5000 cm™
sensitivity is based on the multiple reflections within the SiO, layer, similarly as an
increased contrast of graphene on a substrate is achieved in the visible range (see
Sec. 2.2.1). Measurements were carried out in reflection mode, in argon environ-
ment and at room temperature. Incident beam was focused on the sample by an
infrared microscope with 15x magnification lens. Spot size was controlled with an
aperture, resulting with a spot diameter of 70 ym. This was confirmed by a knife
edge measurements of the spot size.

Since infrared spectroscopy measurements require a reference sample, each time
after the sample was measured, a spectra of a nearby SiO,/Si substrate was measured
as areference. A relative reflectance was expressed as: (Rsampte — Rsubstrate) | Rsubstrate-
Relative reflectance spectra of a single-layer sample is shown in Fig. 2.12(a), and
for two-, five- and eight-layer samples in Fig. 2.12(c). As it can be seen, due to
the choice of the substrate thickness highest relative difference (or contrast) is in
the middle of the measured range where the light intensity is strongest. In order
to interpret measured spectra optical models based on Fresnel equations have been
used, similarly as in Sec. 2.2.1. A normal incidence is considered. Optical properties
of the substrate and layer thickness of a SiOy are considered as known. Graphene
is introduced as a surface charge on an interface between SiOy and ambient air (or
argon gas). In this case light absorption occurring within graphene is defined by

a real part of its optical conductivity.Optical conductivity of graphene in the near
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Figure 2.12.: (a) measured and fitted AR/R = (Rsampie — Rsubstrate )/ Rsubstrate SPEC-

tra for single-layer graphene sample. (b) optical conductivity of single-
layer graphene calculated from (a). (c) measured and fitted spectra of
two-, five- and eight-layer graphene samples, and (d) their correspond-

ing optical conductivities.

infrared range has been discussed in Sec.-s 1.2.1, 1.2.3 and a detailed derivation has
been given in App. A.4. Simulated AR/R = Rupstrate) | Rsubstrate SPECtTa

are shown as smooth lines in Fig. 2.12(a) and (c¢). The measured data has been used

(Rsample -

in the optical model to retrieve optical conductivity of graphene by mathematical
inversion. This process is also referred to as a point-by-point inversion and ti is
discussed in the next chapter, since it is also used to retrieve optical properties of
graphene from spectroscopic ellipsometry measurements.

Obtained optical conductivity of single-layer graphene is shown in Fig. 2.12(b),
presented in the units of universal optical conductivity oy = €2/4h. As it can be
seen, in the high sensitivity range, obtained optical conductivity is linear and equal
oo £ 10%.

not governed neither by the material properties nor by the energy of the incident

This demonstrate that optical properties of graphene in this range are

photons, but rather by universal constants, and interestingly these constants can

be measured at room temperature, with a fairly simple setup. The same data
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interpretation process has been used to interpret measured spectra of few layer
graphene samples. As expected in this range interaction between layers is weak and
optical conductivity scales as N - 09 where N represents the number of graphene

layers.

2.2.5. Measurements of direct current electrical characteristics

As it has been discussed in Sec. 1.1.5 and 2.1.5, by having an electrical contact
on graphene and an additional parallel electrode it is possible to change carrier
concentration and probe electrical properties of graphene. This subsection will focus
on measurements of direct current electrical characteristics of graphene with two
metallic contacts and a silicon substrate as a back gate electrode. This contact
geometry is referred to as two-point-probe (2pp) and is very similar to a MOSFET
transistor. This subsection will show that type and amount of unintentional doping,
carrier mobility and presence of Schottky barriers can be seen from these electrical
measurements.

High crystal quality of graphene has as a consequence an excellent electrical prop-
erties. These are usually expressed through carrier mobility . Room temperature
values as high as 250 000 cm?/Vs have been reported for "ripple-free” graphene
[6], i.e. graphene sandwiched between two sheets of hBN. However, values of
for exfoliated graphene on a SiO,/Si substrates were found to vary between 2 000
cm?/Vs and 20 000 cm?/Vs, at room temperatures [229]. Imperfections as micro-
scopic ripples and charged impurities can introduce scattering and reduce carrier
mobility. Both of these can be significantly minimized if graphene is fabricated in
very clean environment and if it is placed over atomically flat substrates as mica
or hBN [6]. Interestingly it has been shown that adsorbed molecules and ions on
the surface of graphene do not change carrier mobility, but only change the amount
of doping [115]. This would leave only scattering caused by ripples as a dominant
factor in the carrier mobility reduction. However, there is one intrinsic source of
scattering, phonons. These can not be eliminated at room temperature, and will
set a fundamental limit for carrier mobility, and consequently a fundamental limit

for graphene-based device performance at room temperatures. This limit of p has
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been estimated at about 400 000 cm?/Vs, with electron mean free path of several
micrometers, all at room temperature [229]. Reported experimental values for exfo-
liated graphene on a hBN substrate (250 000 cm?/Vs) are not fahr from this limit
[6]. Phonon scattering has been found to have very small contribution to carrier mo-
bility [229], since mobility away from the charge neutrality point has been found as
temperature independent both for graphene and bi-layer graphene [229]. Only when
Fermi level is in the vicinity of the Dirac point, there is a significant temperature
dependence of the channel resistivity [229].

By measuring the resistivity of graphene channel between two metallic contacts
as a function of a gate voltage (applied between one of the contacts and a back-gate
electrode) Rgs(Vig) type of the majority carriers can be determined, the amount of
unintentional doping and ripples of graphene sheet can be estimated. The measure-
ment setup and typical results for the total devise resistance Rys(V4,) are shown
in Fig.-s 1.7 and 2.13. When total device resistance is measured, it includes a se-
ries of resistors, consisted of graphene channel, thin metallic electrodes defined by
the lithography process, larger macroscopic electrodes used to bond to the micro-
scopic pads and finally all the external wires. All of these are not dependent on the
applied back-gate voltage, except for the resistance of the channel, meaning that
total resistance can be split into two components: Rgs(Vyy) = Ry(Vig) + Rs. Here,
R,(V,y) denotes resistance of the channel and Rg denotes all the other constant
contributions. Resistivity p can be simply obtained by taking the channel geometry
into account, i.e. multiplied by width W over length L of the channel. Part of the
channel that lies underneath gold electrodes is not taken into account, since it is
considered that it can not contribute to the part that exhibits electric field effect, but
rather is added to the constant part Rg. This constant part of the resistance is usu-
ally obtained either by fitting [229, 230], or by using so called ”dummy” devices [42].
Fitting is carried out considering that due to linear dispersion relation, conductivity
of graphene should be linear away from the neutrality point, or resistivity should
be a function of o< 1/V},. Measured conductivity of the entire device will always
be ”sub-linear” and when a constant resistance (or resistivity) is deduced it should
result with a linear dependence. This can be written as Sy(Vy,) = 1/(R,(Vag) — Rs)
and Rg is found by the condition that S; is linear away from the neutrality point.
The other way to estimate the contact resistance is to fabricate ”dummy” devices.
These have all the same contact geometries made by the same processes, but instead

of a graphene channel a thin highly conductive film is used. This film can either
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be fabricated during metallic film deposition, or in the case of exfoliated graphene,
thicker samples (over 20 layers) are usually used. These devices do not show any field
effect when a back gate voltage is applied, and their total resistivity closely matches
Rg. Both methods should result with the same value for contact resistance, and
commonly an average between these two is used [42]. However, having conductivity
does not mean having carrier mobility as well, to have the exact value of carrier mo-
bility, besides conductivity it is required to know the exact value of Fermi velocity.
In the case of exfoliated graphene it is safe to assume vp = % ~ 10n/s (Eq.
1.31). However, in the case of CVD graphene, electron transport is affected by the
grain boundaries and wrinkles, and this method is unreliable for estimating carrier
mobility.

Maximum in the R4(V},) curve (Fig. 2.13(c)) corresponds to the charge neutrality
point (CNP). At this point both electrons and holes are equally favorable as majority
carriers within the channel. This is in a sense as close as a given experimental setup
can approach in positioning Fermi level at the Dirac point. The value of the applied
back-gate voltage will indicate the type and the amount of unintentional doping. If
the voltage generator is connected as shown in Fig. 2.13(a), then positive values of
CNP will indicate intrinsic hole or p-doping of graphene. The value of the applied
back-gate voltage can be easily related to the amount of carriers that were added to
graphene sheet in order to reach CNP. This is done by considering a parallel plate
capacitor made by graphene as one electrode and a silicon substrate as the other.
Capacitance per unit area is given by: C' = €€, /d, where €,, d are determined by
the type and the thickness of the dielectric material, usually SiO,. Surface charge
density is given by: pg = C - Vj,. Finally, the electron density in graphene can be
written as: n = pg/e, or: n = (€€, Viy)/(de). Here, e stands for the electron charge.
Electron density can be easily related to the position of the Fermi level in graphene
as: n = E%/mh*v%. However this depends on the Fermi velocity as well.

The other direct current measurement setup that can be made with the same
contact geometry is shown in Fig. 2.13(b). In this case back-gate electrode is
connected to the mass of the entire circuit. However, this is not necessary and
the same measurement setup can be made with varying back-gate voltage. This
setup measures current through the channel I;, as a function of a voltage applied
over the channel V. With these measurements it is possible to probe the quality of
metallic contacts with graphene channel. If these contacts have a constant resistivity

regardless of the current density through them or a voltage drop applied across them,
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Figure 2.13.: 2pp device made by transferring CVD graphene over prefabricated gold
electrodes. (a) shows a schematic representation of the setup used for
(c) DC measurements of the total source-drain resistivity (Rgs) as a
function of back gate voltage (Vy,). CNP was found to be at 2 (£0.5)
V, indicating weak p-doping. (b) shows a schematic representation of
the setup used for (d) DC measurements of the source-drain current
(Iis) as a function of an applied voltage between source and drain
electrodes (Vgs), where a linear dependence confirms that the contacts
are Ohmic. Inset of (d) shows a microscope image of the graphene
channel (middle) and gold source and drain electrodes (left and right

sides), here L indicates channel length (17 pm).

they are referred as Ohmic contacts. Then I;5(Vys) should be linear, as shown in
Fig. 2.13(d). There are two reasons for deviation from the linear curve. One quite
obvious would be device breakdown caused by high current density. This would
determine operational limit.

The other reason for deviation from the linear curve would be formation of Schot-
tky barriers on the contact between graphene channel and metallic electrodes. This
would be determined by the type of the metal that contacts graphene [231]. When-
ever a contact between two materials with different charge concentration is formed
a charge redistribution occurs at the interface. This is driven by the difference in

the charge density, and carriers from the material with the higher charge density
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will go to the material with the lower charge density. Obviously, this process can
not continue indefinitely, as carriers travel through the interface an electrostatic po-
tential barrier forms at the interface. These two processes balance each other, and
form an interface dipole [23]. This dipole acts as a diode, or a p-n junction. Larger
the initial difference in the carrier concentration will create bigger potential drop at
the dipole layer. From the electrical circuit point of view this is seen as a diode with
higher threshold voltage. These diodes are referred to as Schottky diodes, and are
a common problem of making an electrical contact with a semiconductor. In the
case of graphene it is obviously inevitable to crate Schottky barriers since most met-
als have larger carrier concentration than graphene. There are several studies that
show how this graphene/metal interface behaves, as first principles [231], electrical
transport [232], scanning tunneling spectroscopy [233], angle-resolved photoemission
spectroscopy [234], Raman spectroscopy [235], KPFM and ellipsometry [92] studies
of various graphene/metal interfaces.

In a case of a two-point probe, each contact will form a Schottky diode. These
two diodes will be of opposite polarity (i.e. turned ”back-to-back”). Such a device is
called barrier induced transfer time (BARITT) diode. This type of behavior is easy
to see from the I;5(Vys), since diodes causes strong deviation from the linear curve,
one at the positive side, and the other at the negative side of V. A clear example is
given in Ref. [38] for a 2pp device with a single single-walled semiconducting carbon
nanotube as a channel.

If the device shows a linear I;5(Vys), applying the back-gate voltage will only
change the angle of the line, as channel resistivity changes. However, if the Schottky
barriers are formed, application of a back-gate voltage will affect the dipole layer.
It was demonstrated by Y.-J. Yu and coworkers [228], that by applying a back-gate
voltage it is possible to tune in the work function of graphene, and consequently
increase or reduce the effect of Schottky barriers.

One of the best match metals for contacting graphene is gold [231]. As it can
be seen from Fig. 2.13(d), grphene/gold interface forms Ohmic contacts. Strongest
dipoles were found between graphene and palladium, and graphene and titanium
[129, 123, 127], forming opposite polarities of Schottky diodes. As discussed within
Sec. 1.3.2, this has been employed to fabricate graphene based photodetectors with
a "built-in” voltage drop.

There is one more thing to consider whenever electrical measurements of graphene

are carried out. Since graphene is only one atomic layer thin, its interactions with
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the environment can strongly affect its electrical properties. This has been exploited
to make gas detectors with graphene that are capable of detecting single molecule
adsorption and desorption events [115]. However, for electrical characterization of
graphene this is an unwanted effect. If direct current measurements are carried
out in ambient air, any applied voltage is compensated by the water vapor that is
attracted to the graphene sheet by the electric field. Adsorption and desorption of
water molecules is very slow process and strong hysteresis appears when Ry4(V5,) is
measured in succession.

There are several ways to avoid these effects. One would be to encapsulate
graphene with a dielectric layer. The simplest would be to spin-coat a layer of
PMMA over the device, or more elaborate to cover the device with a thin layer of
Al;O3 or HfO5. Another approach would be to deposit graphene on a hydrophobic
surface, as self-assembled layer of hexamethyldisilazane (HMDS). This was demon-
strated by M. Lafkioti and coworkers [236], where a significant suppression of the
hysteretic behavior under ambient conditions was reported. Another approach would
be to carry out measurements in an inert atmosphere. as argon gas. Figure 1.7(b)
show DC measurements in Ar gas flow. Prior to measurements, sample was kept
in Ar gas environment for over 24 hours, to eliminate most of the surface con-
taminants. Measurements presented in Fig.2.13(c) and (d) were carried out in low
vacuum (8x 1073 mbar), in order to avoid dipolar adsorbates from the ambient envi-
ronment [236, 237]. Prior to measurements, sample was left to de-gas and stabilize
in vacuum for over 24 hours. Once the samples are stabilized, and ambient con-
ditions are constant, hysteretic behavior is negligible in both R4(Vi,) and Iys(Vas)
measurements. As an example results shown in Fig.2.13(c) and (d) were repeated
several times during 72 hours, and shifts of no more than £0.5V of the charge neu-
trality point were detected. Position of the CNP is the most sensitive value to any

changes due to adsorption of the polar ambient molecules.
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3. KEY EXPERIMENTAL
METHOD: SPECTROSCOPIC
ELLIPSOMETRY

3.1. Working principle

In ellipsometry, p- and s-polarized light waves are irradiated onto a sample at an
angle 6, which is usually chosen to be near the Brewster angle of the sample. After
the light interaction with the sample the state of polarization is changed. Ellip-
sometry detects this change, either by analyzing the reflected or in the transmitted
component of the light. Incident, transmitted and reflected beams all lie in the same
plane, which is referred to as the plane of incidence. Naturally, surface of the sample
is perpendicular to the plane of incidence. p-polarized waves are those with their
electric field vector oscillating parallel to the plane of incidence. s-polarized waves
have their electric field vector oscillating perpendicular to the plane of incidence,
and parallel to the sample surface (when considering perfectly flat samples).

The polarization of light can be represented by superimposing two waves with their
electric field vectors oscillating parallel and perpendicular to the plane of incidence,
i.e. p- and s-waves (see Sec. 3.1.2). The relative change in the state of polarization
can be described by two values. In ellipsometry, almost exclusively values of 1) and
A are used to represent this change. They stand for the amplitude ratio and phase
difference between p- and s-polarizations, respectively. (1, A) are commonly related
to the ratio between complex amplitude reflection (or transmission) coefficients for
the electric field vector parallel (r, = E,,/E;,) and perpendicular (ry, = E,/E;)
to the plain of incidence, and as a result of ellipsometric measurements a complex

value p is obtained:
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p= v _ tan(y) exp(iA) . (3.1)

Ts
By knowing the change in the state of the polarization (p) that was introduced
by the sample, it is possible to reconstruct structure and optical properties of the
sample which could cause this change. Data analysis is the topic of the next section
(Sec. 3.2).

incident beam sample reflected beam

B R -

El‘S

Figure 3.1.: Measurement principle of ellipsometry.

Let us now focus on the simplest case in order to demonstrate the working princi-
ple of ellipsometry. Figure 3.1 shows a +45° linear polarized (see Sec. 3.1.2) parallel
beam that irradiates a perfectly flat sample under an angle #. This specific polar-
ization is chosen since it has the same light intensity of both p- and s-waves, and
both waves are in phase (linear polarization). Expressed in the values of (¢, A), a
+45° linear polarization has ¢ = 45° (or tan(¢) = 1) and A = 0°.

After interaction with the sample, state of the polarization will be changed. Let us
focus on the reflected component. In general, this change in the polarization will re-
sult with an elliptical polarization. Here both an amplitude ¢ and phase A between
p- and s-waves have changed from the initial state (¢, A) = (45°,0°). Although, in
Fig. 3.1, ¢ is marked in a fourth quadrant, the same value should be obtained from
each quadrant, since v is defined from the absolute value of the amplitude ratio
(0° <1 <90°). This can be employed to minimize any nonlinearities existing in
the measurement setup, and is usually referred to as four zone averaging (see Sec.-s

3.1.4 and 3.1.5). On the other hand, the phase difference can range between —180°
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and 4+180°, and for some special values will give linear or circular reflected polarized
light. As an example this is employed in null ellipsometry (Sec. 3.1.4).

There are several advantages of ellipsometry, but the most important one is that
ellipsometry is an absolute measurement technique, i.e. it does not require a ref-
erence measurement since the measured values do not depend directly on the light
intensity. Furthermore, commonly measured values are angles or frequencies, which
can be obtained with great precision. As a result, ellipsometry is one of the most
precise techniques for measuring the change in the state of polarization of the light.
Regarding applications of ellipsometry, as it was mentioned earlier, ellipsometry is
a contactless and very fast technique, which is very important for implementation
of ellipsometry as an in-line or post-fabrication control tool.

The major drawback of ellipsometry is that rarely the change in the state of polar-
ization is a value of interest, but rather some properties of the sample, as dielectric
function, thickness or interface roughness. To obtain these a data interpretation
procedure needs to be carried out. This procedure can increase uncertainty of the

obtained data.

3.1.1. Optical elements

This subsection will focus on some of the most common elements used in ellipsomet-
ric setups, showing their working principles, advantages and disadvantages. As it
was stated, ellipsometry measures a relative change in the state of polarization after
light interaction with the sample. For this it is required to know the polarization
of the incident and reflected (or transmitted) beams. Both can be achieved using
polarizers.

A polarizer is an optical element that transmits only one polarization of light which
lies in parallel to the optical axis of the polarizer. It is used to extract linearly
polarized light from unpolarized light, prior to sample irradiation. After light is
reflected from the sample another polarizer is placed before the light detector, and
it is used to detect the state of polarization from the intensity of the transmitted
light. In this case it is referred to as an analyzer. Polarizer and analyzer are the

same type of elements, only they are named differently due to the difference in their
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roles.

Polarizers are commonly made out of calcite crystal (CaCOg). Calcite has the
electron concentration distributed inhomogeneously toward different direction in
the crystal. The refractive index of calcite varies accordingly. This is referred to
as optical anisotropy, and materials that have their properties significantly different
along one direction are referred to as uniaxial materials. In uniaxial materials,
propagating electric field exhibits two different refractive indices. These are referred
to as an ordinary (n,) and extraordinary (n.) refractive indices. In the case of
calcite, n, is greater than n., and the axis that lies in the direction of n, is referred
to as slow axis, while an axis that lies in the direction of n. is called fast or optical
axis of the crystal. Usually, polarizers are designed to transmit only light that is
polarized parallel to the optical axis. There are other uniaxial materials that have
ordinary refractive index greater than the extraordinary. This is the case of quartz,
and fast (optical) axis is then related to the direction of n,. An optical anisotropy
that results from a refractive index difference is referred to as birefringence.

At normal incidence uniaxial materials can only introduce a phase shift between
ordinary and extraordinary rays. So a question remains: how to build a polarizer
out of an uniaxial crystal? At oblique incidence ordinary and extraordinary rays
propagate at different transmission angles. This principle is used in the most of the
polarizers that are based on uniaxial materials, and a most common example is a
Glan-Taylor prism.

A schematic representation of a Glan-Taylor prism is shown in Fig. 3.2. The
working principle is based on a total reflection at the critical angle: sin(6.) = 1/n.
In uniaxial materials 6, varies depending on the direction of electric field due to
anisotropy of the refractive index. By the proper choice of 6. it is possible to remove
ordinary ray (in the case of calcite) using total reflection. This condition can be
written as: 1/n, < sin(6.) < 1/n. . Larger the difference between n, and n, will
give larger region of . that satisfies this condition. In the case of calcite, critical
angle has to be in the range of: 37.1° < 6. < 42.3° . One more important property
of a polarizer is the spectral region where it is applicable. If the polarizer is made
out of calcite it can work from the UV to the mid-infrared region (A = 0.21 —5um).

In Fig. 3.2 there are two identical prisms separated by a thin interspace filled with
air. The reason for using the second prism is to ensure parallel exiting beam, which
significantly simplifies the integration of a Glan-Taylor prism in an optical setup.

The spacing between prisms is air, but two prisms can be glued together. This is the
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(a) (b)
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Figure 3.2.: (a) Schematic representation of a GlanTaylor prism used as a polarizer

(analyzer) and (b) top-down view of its structure.

case of a Glan-Thompson prism. Although this simplifies the fabrication process,
the glue changes (reduces) the range for the critical angle, and more importantly
reduces the spectral range, since most glue materials absorbs light in the UV.
Also, in a Glan-Taylor prism (Fig. 3.2) optical axis has the same orientation in
both prisms. This does not have to be a case. Similar construction that has optical
axis of the second prism rotated by 90° is called a Rochon prism. In a Rochon prism,
both prisms touch each other leaving no space in between, and no glue material. It
works similarly as a Glan-Taylor prism, however in a Rochon prism both ordinary
and extraordinary rays are transmitted with one being parallel to the incident beam,
while the other is transmitted under an angle. There are two main advantages of a
Rochon prism over a Glan-Taylor prism, first since there is no spacing between two
prisms, a parallel transmitted ray is not shifted at all. This is very important since
most ellipsometers use rotating polarizers and analyzers. Another advantage of a
Rochon prism is that due to its construction the difference between n, and n. does
not have to be as big as in a Glan-Taylor prism and other materials as quartz or more
commonly MgFs can be used. A Rochon prism made out of MgFy can be used for
ellipsometry measurements deep into the UV region (even up to ~10 eV, or ~0.12
pm). The major drawback of a Rochon prism, compared to a Glan-Taylor prism is
relatively low efficiency in separating ordinary and extraordinary rays. However it

is still good enough for these polarizers to be widely used in ellipsometry.
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Regardless how a polarizer (analyzer) is made, most important property is how
good are ordinary and extraordinary rays separated. This is expressed through a
parameter called extinction ratio. In the case when an extraordinary ray is the
transmitted one, the extinction ratio is then given as: k = |E.|*/|E,|> = I./1, , and
in the case of a Glan-Taylor prism made out of calcite the extinction factor can be
as high as k ~ 10° .

Another commonly used element in ellipsometric setups is a compensator or a
retarder. It is usually placed between polarizer and analyzer, and is used to convert

linear polarization to circular and vice versa.

slow axis

Figure 3.3.: Change in the state of polarization by a compensator (retarder), shown
for a case when a 45° linear polarization is turned into ccw circular

polarization, for this a specific thickness (d) is required.

Compensators also use optical anisotropy and are made out of one single bire-
fringent crystal. Figure 3.3 shows a working principle of a compensator. At normal
incidence, compensator generates a phase difference between ordinary and extraor-

dinary rays. This phase difference is given as:

2

§= T|ne —n,ld, (3.2)

where d is the thickness of the compensator. The main downside is that a phase
difference 0 depends on the wavelength A directly and not only through refractive
indices of the material. Compensators with 6 = 7/2 are referred to as quarter-wave

plates, since their phase difference corresponds to a wavelength of A/4. Introducing a
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phase difference between ordinary and extraordinary rays can create various circular
and elliptic polarizations out of a linearly polarized light. Figure 3.3 shows a com-
pensator that changes a +45° linear polarized parallel beam into a counterclockwise
(ccw) circular polarized beam.

If the element is fixed, obviously control over a phase shift is not possible. In
that case the element is referred to as a retarder. As an example a retarder can be
pre-designed to act as a quarter-wave plate, for a specific wavelength of the incident
light. But if we would like to have a quarter-wave plate for incident light in a
desired spectral range, an element obviously has to be tunable. If the element has
an external control of a phase shift it is referred to as a compensator. A simplest way
to control a phase shift would be to rotate a retarder in a x-y plane. These elements
are referred to as rotating compensators, and are commonly used in ellipsometric
setups.

Compensators use uniaxial materials. However, calcite is not used for compen-
sators since |n, —n,| is quite large. This would require very thin compensators, and
their d would become comparable with the wavelength A, resulting with Fabry-Perot
interferences within a compensator. Instead of calcite, MgF, is widely used, with

an additional advantage of being transparent deep into the UV region.

3.1.2. Jones calculus

Jones calculus considers a set of matrix equations that is used to represent polarized
light and optical elements that can change the state of light polarization. Polarized
light is represented by a two component vector, referred to as Jones vector and
linear optical elements are presented by 2x2 Jones matrices. These matrices are very
useful to describe changes in the state of polarization of the light as it passes through
many optical elements in a measurement setup. It gives a basis for understanding
a particular ellipsometric setup. Jones calculus applies only to fully polarized light.
If light is randomly polarized, partially polarized or incoherent, Muller calculus is
used. Jones calculus is presented in this subsection, while the rest of this section
uses Jones calculus to describe optical elements and ellipsometric setups used in the

experimental section of the dissertation. Although, a more accurate description of
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the ellipsometric setup can be written using Muller matrices, in the dissertation only
Jones matrices are used, since they are sufficient to describe basic working principles
of ellipsometric setups.

The polarization of light can be represented by superimposing two waves that
oscillate parallel to two perpendicular planes (z-y). Jones vector uses this, and

represents light as a two component column vector:

7 | Bwexp(i(wt — Kz +6,))

Eyeap(i(wt — Kz +6,)) | eap(i(wt — Kz))

Eyexp(idy,)
(3.3)

The first component represents an electric field oscillations parallel to = plane,

Eyoexp(id,) ]

while the second component represents an electric field oscillations perpendicular to
x and parallel to y plane. FE,y and E,q stand for the electric field amplitudes of z
and y components, respectively. w stands for the light wavelength, and K stands for
the light wave vector. ¢, and 6, present a phase difference of each component. The
term exp(i(wt — Kz)) can be omitted, since ellipsometric measurements consider
only a relative changes in the light intensity. By doing so Eq. 3.3 gives a commonly

used expression for Jones vector:

H E, 104 E,
Bz = | oetios) | (3.4
Eyexp(idy,) E,
Here z and y components of the electric field are given as:
E, = Eyoexp(id, ) = |Ey| exp(id, ), (3.5)
Ey = Ey exp(1d,) = |Ey| exp(idy) . (3.6)

It is usually more convenient to consider a phase difference, rather than each
component phase separately. In that case, x and y components of the electric field

vector can be written as:

E, = Eexp(i(d, —dy) ) = |Ey| exp(i(d, — dy) ), (3.7)
Fy= By =IE,|. 38)

It is worth mentioning that this phase difference (6, — d,) is actually the phase
difference A that is commonly presented as a measured value in ellipsometry (see

Sec. 3.1).
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The light intensity can be easily calculated from the Jones vector, as:
I =1,+1,=E}+E) = |E|*+|E,|° = E,E; + E,E; . (3.9)

Using normalized light intensity [ = 1, various states of polarization can be

written within Jones calculus as:

o
e a linear polarization in x direction (0, = 0, = 0): Ejip oz =
0
e a linear polarization in y direction (6, =, = 0): Ejp, = )
. . 1
e a +45° linear polarization (0, = d, = 0): E 45 = 2—1/2 [ ] )
1
: : o 1
e aright (cw) circular polarization (3, = 0, 6, = 7/2): Er = 271/2 [ . ] .
i
1
e a left (ccw) circular polarization (0, = 0, 6, = —m/2): Ep =272 [ . ] _
—i
27121+
e an elliptical polarization (8§, = 7/4, §, = 7/2): Euy; = 271/2 [ ( )

—1

As it was discussed in the previous subsection, polarizers and compensators usu-
ally rotate the light polarization by a certain angle relative to the z or y axis. Equa-
tions, or Jones matrices, that would describe the change in the state of polarization
caused by these elements would be simplified if instead of rotating a polarization
given by a Jones vector, one rotates a coordinate system from x-y to z’-3’. This is
done by a matrix operation that is referred to as a coordinate system rotation.

Let us assume that we have a linear polarization defined by P = (E,, E,) in
a x-y coordinate system. If we want to rotate this polarization counterclockwise
(cew) by an angle «, this would correspond to a clockwise (cw) rotation of the z-y
coordinate system, into a z’-y’ coordinate system. This is shown in Fig. 3.4. The
same polarization in a new coordinate system is described by P’ = (£, E} ), and is

simply related to the previous coordinate system by relations:

E, = E, cos(a) + E, sin(a) , (3.10)

E, = —E, sin(a) + E, cos(a) . (3.11)
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y
y A

Figure 3.4.: Transformation of the z-y coordinates into x’-y’ coordinates by clock-
wise rotation for an angle o. Note clockwise notation is considered with
the respect to the light propagation, which would be from the plane of

the paper, perpendicular to it, and upwards in this case.

Simply by rewriting given equations in a matrix forms, results with a Jones matrix

for coordinate rotation:

Ey
E,

E,

5 (3.12)

:[ cos(a)  sin(a)

—sin(a) cos(a)

Here a 2x2 matrix is commonly denoted as R(«) and it corresponds to a clockwise
rotation of the z-y coordinate system by an angle a. Counterclockwise rotation is
simply carried out by using negative angles. Furthermore, having two elements in as

succession, eg. two retarders, could be simply written as: R(«) - R(S) = R(a + ).

3.1.3. Representation of optical elements and measurements by

Jones matrices

Changing the state of polarization by polarizers, analyzers, compensators or re-

tarders is just a specific case of coordinate rotation. Polarizers (P) and analyzers
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(A) can be represented by Jones matrix as:

P=A=

10
. 0] , (3.13)

when the polarization axis of the polarizer is parallel to the z-axis of the external
coordinate system that also applies to the Jones vector of the incident light.

Similarly, compensators (C) and retarders (R) are represented by Jones matrices

1 0
. 3.14
0 exp(—1id) ] (3.14)

as:

C=R=

Here, the z-axis of a coordinate system is parallel to the fast axis of a compensator.
0 represents a phase difference between ordinary and extraordinary rays and is given
by Eq. 3.2.

To better illustrate how Jones matrices can describe each optical element, and
an entire optical system, let us focus on a very simple setup shown in Fig. 3.5.
This setup consists of a light source, two polarizers and a light detector. Light
source gives unpolarized incident light. The angle of the first polarizer («) can be
changed with the respect to the x-axis that is fixed to an optical axis of the analyzer
(second polarizer). The light intensity at the detector is considered as a function of
a polarizer angle a.

Jones calculus becomes very useful for describing the state of polarization in this
and more complicated optical setups. If the optical elements are positioned in a way
that light propagates from right to left, equations are then written from left to right,
and each element is replaced by an appropriate matrix. For the case of an optical

setup shown in Fig. 3.5, the following Jones matrix equation can be written:

110 cos(a) —sin(a) 10
oo sin(a)  cos(a) 00
(3.15)

Here, incident unpolarized light can not be represented by a Jones matrix, however

E,
E

Y

By
0

E, cos(a)
0 :

it is considered that any linearly polarized component of the incident light will have
the same light intensity (E,). Polarizer is then set under an angle o and the 2'-
y' coordinate system is aligned with the polarizer (z'-axis with the polarizer axis).

However, z’-axis is not parallel with the analyzer’s axis (unless a = 0) and an
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. f . polarizer
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Figure 3.5.: Schematic representation of a simple optical setup by Jones matrices.
This optical setup is composed of light source/polarizer/analyzer/light

detector.

appropriate coordinate rotation is required between polarizer and analyzer. For
the case shown in Fig. 3.5, polarizer is rotated clockwise with the respect to the
analyzer’s axis, this gives a counterclockwise coordinate rotation.

Finally, light intensity at the detector can be calculated using Eq.-s 3.9 and 3.15,

as:

I =|E,|> =|E,)* cos’a. (3.16)

Equation 3.16 is also known as Malus’s law.

Optical setup presented in Fig. 3.15 is very similar to a simple ellipsometry
setup, but without a sample. In ellipsometry measurements the Jones matrix that
corresponds to light reflection by the optically isotropic sample is given by:

rp, 0
=[], o

The other way to express S would be the following:

S—r [ rp/Ts 0 ] . [ tan ¢ exp(iA) 0

3.18
0 1 0 1 ( )

Here, Eq. 3.1 has been used to relate complex amplitude reflection coefficients for

the electric field vector parallel (r, = E,,/E;,) and perpendicular (rs = E,s/E;s) to
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the plain of incidence with amplitude ratio (1) and phase difference (A) between p-
and s-polarizations. Furthermore, it is possible to neglect r, in front of the matrix
in Eq. 3.18, since only relative changes are taken into account in ellipsometric
measurements. This gives another very common way of representing Jones matrix

of the sample in ellipsometry:

5 [ tan ¢ exp(iA) 0 (3.19)

0 1

As an example (shown in Fig. 3.1) if a linearly polarized light oriented at 45° is

reflected by the sample, the light reflection can be represented as:

| 0 | tan ) exp(iA)
0 rg

1
Here, F;, = E;s = 1 has been used, since the incident light has a +45° linear po-

E

P

ETS

E;

" (3.20)

Ts

larization. It is worth mentioning that a Jones matrix for a sample does not depend
on an angle of incidence () that is used in a particular ellipsometric measurement.
However, this angle does figurate in the optical model that is used to interpret the
measurements, which will be the the topic of the next section (Sec. 3.2).
If the sample is optically anisotropic (birefringence, dichromism), a following Jones
matrix should be used:
Sani = [ T e ] : (3.21)
Tsp Tss
The fact that off-diagonal elements are non-zero generally complicates characteriza-

tion of anisotropic samples.

The following subsections will focus on two ellipsometric setups that have been
used in the experiments that are related to the dissertation (see chapter 4). First
a null ellipsometric setup will be presented (Sec. 3.1.4). This setup is the basis for
spectroscopic null imaging ellipsometry (SNIE). Afterwards, a spectroscopic ellip-

sometry setup with a rotating polarizer (RPSE) will be presented (Sec. 3.1.5).
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3.1.4. Spectroscopic null imaging ellipsometry

As it was discussed in Sec. 3.1, if a linearly polarized light is illuminated onto a
sample, the reflected light will be generally elliptically polarized, since the interaction
with a sample can change both the amplitude ratio (1)) and phase difference (A)
between p- and s-polarizations. The same mechanism would work in an opposite
direction, meaning that if a particular elliptic state of the polarization, defined by
(1, A), is used to irradiate a sample, reflected light will be linearly polarized. This
principle is used in null ellipsometry. It is referred to as "null”, since the condition of
the linear reflected state of the polarization is confirmed by an analyzer that blocks
all the light, and gives a "null” light intensity at the detector. Null ellipsometers were
the first ones ever constructed, and are still the most accurate type of ellipsometers,
since null ellipsometry is free from various detector errors. Main downside are long

measurements, which makes null ellipsometry hard to integrate as an in-line control

tool.
Sample (S)
An(agzer s==== Compensator
o | ©) Polarizer
. O
/ light
detector

wurce

Figure 3.6.: Schematic representation of a setup used for null ellipsometry. The
setup consists of light source, polarizer (P), compensator (C), sample
(S), analyzer (A) and detector, and it is called a PCSA setup. SNIE uses
additionally a monochromator positioned after a light source, focusing

optics between S and A, and as a detector CCD chip is used.

A schematic representation of a simple null ellipsometer is shown in Fig. 3.6. It

consists of an unpolarized (monochromatic) light source, polarizer (P), compensator
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(C), sample (S), analyzer (A) and finally a light detector. This setup is referred to
as a PCSA, due to the order of its elements. The goal is to vary the incident state
of polarization by rotating either P or C, and for each initial state of polarization to
examine if the reflected component is linearly polarized. If the reflected component
has a linear polarization by rotating A it is possible to obtain zero light intensity on
the detector.

There are three variables in the optical system, angles of P, C and A, and one
condition that the light intensity after an analyzer has to be zero. Using Jones

matrices, the PCSA setup can be described as:

D=ASCPI. (3.22)

Here, D and I stand for Jones vectors of the electric field in front of the detector
and after the light source, respectively. In order to use simple Jones matrices for
the optical elements, several coordinate system rotations are required, and Eq. 3.22
becomes:

D=ARASR(-C)CR(-C—-P)P1I. (3.23)

Note that all angles of the elements are defined as clockwise with the respect to
the light propagation, and zero value is considered to be on the plane of incidence,
upwards from the sample plane. This requires counterclockwise coordinate rotations
for the incident, and clockwise coordinate rotations for the reflected beam (see Fig.

3.6). Now, by writing each of the Jones matrices, Eq. 3.23 gives:

Ey
Ey

cos(C) —sin(C)
sin(C)  cos(C)

e

rp, 0
0 r,

110 cos(A)  sin(A)
1o o —sin(A) cos(A)

1 0
X )
0 e

Solving this matrix equation gives:

cos(C + P) —sin(C + P)
sin(C'+ P)  cos(C + P)

E, =r,cosA (cosC cos(P — C) — e ®sinC sin(P — C)) +

+7rssinA (sinC cos(P — C) — e ®cosC sin(P — C’)) . (3.25)

Let us now consider the null condition E, = 0. Since rotation of polarizer and
compensator makes similar effect on manipulation of the incident state of polariza-

tion, one can be fixed. Let us consider the case with fixed compensator. In order to
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satisfy the null condition, cosC' = sinC must also be satisfied. This gives C' = +45°,
and consequently 6 = +90°. There will be four solutions of Eq. 3.25, depending on
the choice of C'. Let us return £, = 0, C' = +45° and § = +90° into Eq. 3.25, this
gives a following solution:
 — tanA e:cp(i( — 2P + 900)) : (3.26)
Ts

Now by considering Eq. 3.1, ellipsometric angles (1, A) are easily obtained as:

Y=A, (3.27)

A= —2P +90°. (3.28)

By varying the choice of C' and ¢ there will be a total of four solutions for (1, A)
where the null condition is satisfied. Usually in null ellipsometry all four solutions are
found and any nonlinearities that exist in the optical setup are significantly reduced
by taking the averaged values of (i, A) from all four solutions. This process is
referred to as four zone averaging, and it is the most precise method for measuring
the change in the state of the polarization that is introduced by the sample [153].
One of the main advantages of null ellipsometry becomes apparent from Eq.-s 3.27
and 3.28. Namely, measuring (¢, A) is the equivalent to measuring angles of P and
A, which can be done with great precision, usually below 0.001°.

Null ellipsometry is the basis for spectroscopic null imaging ellipsometry (SNIE),
which has been employed to measure and map optical properties of graphene. This
is discussed in the next chapter, as well as within Ref. [83]. Let us now focus on
SNIE and point out particular differences between a null ellipsometry and SNIE.

Compared with a null ellipsometry setup shown in Fig. 3.6, SNIE has several
additions. First and most important difference is that SNIE uses a CCD detector
instead of a standard single pixel or photomultiplier detector, that would be com-
monly used in a non-imaging setup. There is one major consequence that comes
from the usage of a CCD detector. In order to preserve a sample image, monochro-
matic light cannot be extracted after the analyzer, but rather a monochromatic light
source has to be used. This can be achieved for a single wavelength by using a laser,
or in a spectral range by using tunable lasers, or series of band-pass filters after a
white light source.

In order to measure optical properties of microscopic samples SNIE can be equipped

with a focusing lens. This lens is commonly placed after the sample (S) and in front
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Figure 3.7.: (a) Accurion nanofilm_ep3 spectroscopic null imaging ellipsometer. (b)
Schematic representation of a SNIE setup with scanning focus objective
(reprinted from [238]). Inset of (b) shows an image of a grating viewed
by the ellipsometer’s CCD detector. An arrow indicates a zone that is

in focus for a particular objective position.

of an analyzer (A). If higher magnification lenses are used, it is possible to carry out
ellipsometric measurements on samples that have surface area of only several square
micrometers, i.e. near the diffraction limit. The next chapter (Sec. 4.2) presents
SNIE mapping of graphene’s optical properties and layer thickness with lateral res-
olution of one micrometer, for this purpose a null ellipsometer ”nanofilm_ep3se” by
Accurion GmbH has been used. A photograph of an instrument is shown in Fig.
3.7(a), and a scheme of the optical components is shown in Fig. 3.7(b).

However, there are several technical challenges that need to be overcome when
a focusing lens is added in an imaging ellipsometry setup. The most obvious one
would be focusing the sample surface at an oblique incidence. In order to have better
measurement sensitivity, ellipsometric measurements need to be carried out at an
incident angle close to the Brewster angle of the sample. When a focusing optics is
added, only one line of the sample (that is perpendicular to the plane of incidence)
will be in focus (see inset of Fig. 3.7(b)). In order to have an entire view field of the
CCD detector in focus, the lens needs to extend and retract in the direction parallel
to the optical path. The whole image is then made out of several regions on the CCD
detector that were in focus for a given position of the focusing lens. In a sense, the
image of the sample is obtained through a row by row scanning. When ellipsometry
measurements are carried out, a "nulling” process is done for each row of the CCD
while that particular row is in focus, and the results are averaged between all the

rows scanned.
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Another, less obvious problem of the focusing optics, is depolarization introduced
by the lens. If any change in the state of polarization is introduced by the lens,
unless calibrated, it will be added to the polarization change of the sample, thus
resulting with false measurements. A great technological challenge is to produce
a lens that does not introduce any change in the state of the polarization. These
lenses are referred to as ”stress free” since the materials that are used for their
fabrication (as quartz) become uniaxial if are exposed to uniaxial strain, and the
lens then behaves as a retarder.

There is one more issue, that should be pointed out, and which comes from the
usage of a lens in an imaging ellipsometry and brewster angle microscopy setups.
This issue is more subjective, since microscopic samples are usually viewed by an
upright microscope, and when viewed under an oblique incidence the image will
appear as elongated in one direction. There is a simple way to compensate for this,
the plane of the CCD detector simply need to be tilted by an incident angle, only
in an opposite direction. There are other more elaborate methods that use several
focusing and condensing lenses, and can achieve better results than a simple tilting
of the CCD detector.

There are many advantages of SNIE. The main would be that it is possible to
directly determine a region of interest (ROI) by examining a Brewster angle mi-
croscopy image made by the CCD of an ellipsometer. This can help when a micro-
scopic samples are measured, or to avoid any dirt, imperfections or other regions on
the sample that would lead to an improper data interpretation. Furthermore, it is
possible to measure several regions at the same time, thus having paired sample and
substrate measurements (for more details see Sec. 3.3). Finally, SNIE can be used
to create an ellipsometric map of the sample, this is carried out by finding a null
condition for each pixel of the CCD detector independently, thus making ¢ and A

maps of the sample.

3.1.5. Rotating polarizer spectroscopic ellipsometry

The other spectroscopic ellipsometry setup used in the experimental part of the

dissertation (chapter 4) and within publications that are related to the dissertation
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[82, 91, 92] is a rotating polarizer spectroscopic ellipsometry (RPSE). The setup
consists of an unpolarized light source, polarizer (P) that rotates with a constant
angular frequency w, sample (S), analyzer (A) and finally a detector. The setup is
also referred to as PrSA, due to the order and function of its elements. A schematic
representation of a PrSA setup is shown in Fig. 3.8(a), while Fig. 3.8(b) shows an
image of a SOPRA GES5E-IRSE spectroscopic ellipsometer used in the dissertation.
This method is not free from detector errors, since a relative light intensity is still
considered when ellipsometric angles are evaluated. This will be explained later in
the text. However, the upsides are extremely fast measurements, possibility of using
gratings for the extraction of monochromatic light (excellent spectral resolution),

and using high sensitivity detectors as photomultipliers.

(a) Analyzer Smple (S) Rotating ()
Polarizer
(A) . ®.)
- N o R
detector 7N , [ = light source
; ‘ | f’ i ¥ -
A=45° P=ot
reflected beam incident beam

Figure 3.8.: (a) Rotating polarizer (or PgSA) setup. (b) SOPRA GES5E-IRSE

spectroscopic ellipsometer.

The Jones equation for PrSA setup can be written as:
D=ASPrI. (3.29)

Here D and [ stand for Jones vectors in front of the detector and after the light
source, respectively. Similarly as in Sec. 3.1.4, appropriate coordinate rotations are

added to the equation in order to keep the matrices of the optical elements simple:
D=ARA)SR(—P)PI. (3.30)

By substituting each Jones matrix in Eq. 3.30, gives:

E, | |10 cos(A)  sin(A) sinpe® 0 y
E, oo —sin(A) cos(A) 0 cosyp

cos(P) —sin(P)
sin(P)  cos(P)

X

10 1
)
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In a rotated polarizer setup, analyzer is kept fixed. Although it can be fixed
under any angle, commonly it is fixed at +45°, which simplifies the matrix equation.
Furthermore, constant term (1/2/2) that comes from the analyzer matrix can be

omitted, and Eq. 3.31 becomes:

E, 10 1 1 singe™ 0
= X
E, 00 -1 1 0 cosy
P) —sin(P 1 0 1
y cos(P) —sin(P) . (3.32)
sin(P)  cos(P) 00 0
Solving Eq. 3.32 results with:
E, = cosP siny " + sinP cosy) (3.33)

or rewritten with real and imaginary part separated:
E, = (COSP siny cosA + sinP cosw) + z'(cosP sin sinA) : (3.34)
Now, the ntensity at the detector can be evaluated as:
I =FE,E}. (3.35)

Replacing Eq. 3.34 into Eq. 3.35, gives the solution for the light intensity at the
detector in a PrSA setup, when A = +45° :

I= %(1 — c0s(21) cos(2P) + sin(2¢) cos(A) sin(2P) ) . (3.36)

Besides, 1 and A which are the measured values, Eq. 3.36 also depends on the
doubled angle of the polarizer (2P). Let us separate measured values from an angle

of the polarizer as:

[= %(1 + acos(2P) + B sin(2P) ) . (3.37)

Here, values of a and [ can be seen as measured values since they are related to

¥ and ¢ by following relations:
a = —cos(2¢), (3.38)
B = sin(2¢) cos(A) . (3.39)
Using Eq.-s 3.38 and 3.39, ¥ and 0 can be obtained as:

1+«

tanih = :
ani) &

(3.40)
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8
i

This shows that finding o and  is equivalent of finding ) and A. Now, let us focus

cosA\ =

(3.41)

back on Eq. 3.37, and let us consider the fact that in RPSE, polarizer rotates at a
constant angular frequency w usually in the range of several rotations per second.
Time dependent value for the angle of the polarizer is than given as: P = wt, and
time dependent detector intensity can be written as:

I(t) = %(1 + acos(2wt) + 8 sin(2wt)> . (3.42)

a and [ are found as the Fourier coefficients of cos(2wt) and sin(2wt) [153]. It is
obvious that measured values do depend on the detector intensity. However, they
are estimated from a Fourier transform of the detector signal, and this both averages
the value and eliminates any signal that is not at 2wt frequency. All of these still give
excellent sensitivity, and also minimize many of the detector imperfections, however
RPSE is still not as accurate as null ellipsometry, and it does require calibration of

the detector.

In the next chapter RPSE is used to investigate optical properties of CVD graphene,
and to demonstrates how it can be used as a post-fabrication quality control tool
for fast and non-destructive probing of graphene transfer process and quality of a
contact between graphene and external metallic pads. Prior to that, the remaining
of this chapter will explain how are the results of the ellipsometric measurements
(1, A) used to reconstruct the optical properties of the sample (Sec. 3.2); as well
as how ellipsometric measurements can be used to retrieve optical properties of

atomically thin films (Sec. 3.4).
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3.2. Data analysis and Fresnel equations

As it was show in the previous section, ellipsometric measurements give as a result
the change in the state of light polarization that was introduced by the interaction of
the light with the sample. This change is express through the amplitude ratio v and
phase difference A between p- and s-polarizations. However, these are not the values
of an interest, but they can be related to optical constants and layer thicknesses of
the measured sample through the process of data analysis. The analysis consists of
two parts: building an optical model and fitting the values of the interest to the
measured (¢, A) spectra.

The next section will discuss in great detail the fitting procedures, especially
focusing on the proper fitting procedure when atomically thin samples are measured.
This section focuses on a mathematical background behind an optical model and will
describe how optical models are constructed and how are ellipsometric measurements
simulated using these optical models. A numerical codes based on the equations
presented in this section is given in appendix C.2, and it was employed for the
interpretation of ellipsometric measurements in the dissertation (chapter 4).

In order to interpret ellipsometric measurement optical models are required. These
models are based on Fresnel equations. Each material, usually a layer, in an optical
model is represented by its thickness and its complex refractive index. Building
a proper optical model is very important for interpretation of ellipsometric mea-
surements. Usually improper optical models can introduce large uncertainty to the
interpreted data, much larger than the instrumental errors. To help build an optical
model many parameters of the model can be obtained from correlated measurements
of the sample. This is the topic of Sec. 3.3, and several different techniques that are
suitable for corroborated measurements of graphene are described in Sec. 2.2.

In order to demonstrate how an optical model is built, let us focus on a simplest
case possible, a semi-infinite perfectly flat sample, or a bulk sample. The optical
model used in this case is referred to as a two-phase model. This is the only case
when an analytical solution for the refractive index is possible. In the case of more
elaborated models optical properties can be evaluated numerically in a process that
is based on a self-consisted method. Figure 3.9 shows the electric field (E) and
magnetic induction (E) vectors of p- and s-polarization for an oblique incidence
(under an angle 6;). The ambient from which the beam is irradiated and to which

it is reflected is defined by a complex refractive index Ny. In the case of a vacuum
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(b)

—

Figure 3.9.: (a) and (b) respectively show electric field (£) and magnetic induction

—

(B) vectors of p- and s-polarization of an oblique incidence light beam,
at an interface between two semi-infinite materials that are defined by

their complex refractive indices Ny and V.

or ambient air in the visible part of the spectrum Ny = 1 — 0. The notation used
here for the complex refractive indices is N = n — ¢k, where k£ > 0. Bulk material
is also described by its complex refractive index N;. The angle of incidence is 6;.
Respectively, angles of the reflected and transmitted beams are 6, and 6;. Using

Snell’s law gives: §; = 6, for the reflected component, and:
Ny sinf; = Ny sinb; (3.43)

for the transmitted component. As it will be shown later on, cosf; would be of a
greater interest. Using several trigonometric transformations Eq. 3.43 gives:

1
Ny

These relations between the incident, reflected and transmitted angles will be used

costy = — (N} — N§ sin?0;)"* . (3.44)

later on, especially when more elaborate optical models are considered.

Let us focus first on the boundary conditions for the case of p-polarization, the
electric field and magnetic induction vectors and their components of interest for

this case are shown in Fig. 3.9(a), and the boundary conditions are:
E;,cos(8;) — E,pcos(8,) = Ey,cos(6y) , (3.45)
Biy, + By = By, . (3.46)

Using E = ¢/N - B, magnetic induction components can be eliminated from Eq.
3.46, giving:
NO(Eip —+ E,-p> == N1 Etp . (347)
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Now, the complex amplitude reflection and transmission coefficients for the electric
field vector parallel to the plain of incidence can be obtained from Eq.-s 3.45 and

3.47, using also 0; = 0,

S|

Ny cosl; — Ny cost
rp 1 ) 0 t
= ) 3.48
v E; Ny cosl; + Ny cosb, ( )

Ey, _ 2 N cosb; (3.49)
i INicost; + Nocost, ’

’Uﬂ.
Il

o

On the other hand, boundary conditions for the s-polarization (see Fig. 3.9(b))

are:

Ez's + Ers = Ets . (350)
—B;s cos(0;) + Bys cos(0,) = —Bys cos(0y) , (3.51)

Using the same procedure as for the p-polarization gives the complex amplitude
reflection and transmission coefficients for the electric field vector perpendicular to

the plain of incidence:

= L No cost; — Ny cosb, ’ (3.52)
E; Ny cost; + Ny cosb,
Eis 2N, 0;

fo= 0 = 0 o8 (3.53)

E;s  Nycosb; + Ny cost,

The above equations 3.48, 3.49, 3.52 and 3.53 are known as Fresnel equations,
while 7,, 75, t, and t5 are known as Fresnel coefficients.

In the case of a bulk material, Fresnel equations are easily related to the values
measured by ellipsometry. Simply by substitution of Eq.-s 3.48 and 3.52 into Eq.
3.1, gives:

rp  (Nycosb; — Ny cosby)/(Ny cosb; + Ny cosby) N
T =1 . 3.54
p rs  (Nocosl; — Ny costy)/(Ng cosh; + Ny cosby) an(y)e ( )

In the case of a bulk material, when the ambient is air or vacuum (Ny = 1), Eq.
3.54 can be used to express the complex refractive index of the material as a function

of p and the incident angle 6;, as:

T — o2
N, = sinb; \/ 1+ tan29, (—p> . (3.55)
1+p

Regardless of the incident angle, obtained refractive index of the material must

be the same. It is a good practice to carry out ellipsometric measurements of the

117



3. KEY EXPERIMENTAL METHOD: SPECTROSCOPIC ELLIPSOMETRY

same sample under several different angles of incidence, if possible both above and
below the Brewster angle, and to consider an averaged value of all the measured

refractive indices.

Besides measuring optical properties of bulk materials, ellipsometry is more com-
monly used to measure thicknesses and optical properties of thin films. These films
are commonly supported by bulk substrates and their thickness ranges between
several nanometers to several micrometers. When light waves generated at different
positions overlap, optical interference occurs by the superposition of the light waves.
This is also the case when a thin film covers a bulk substrate. An optical model that
describes a thin film on a substrate is shown in Fig. 3.10(a), while a model with
more than one layer is shown in Fig. 3.10(b). As it was stated, each layer within an
optical model is represented by its thickness (d;) and its complex refractive index
(N;). Light beam reflected initially of the first surface (primary beam) interferes
with the light beam reflected at the second surface (secondary beam) and optical
interference occurs. Whether a constructive or a destructive interference will occur

depends on the difference in the optical path of the primary and secondary beams.

) . (b)
- - N,
2 2 i 0
ro) tortiorioe P tortioTioriae™ p
Ni
Thin film d
N,
Substrate | Ny 0 tiz
tortie ™ toitiaryerne ™ tortiaripriye™? N3 | substrate

tor2

Figure 3.10.: (a) Fresnel coefficients of the ambient/thin film/substrate structure,
showing primary and secondary beams. (b) Fresnel coefficients for
a structure with two different thin films on a semi-infinite substrate.
Each film is defined within an optical model with its complex refractive
index (XV;) and its thickness (d;).

In the case shown in Fig. 3.10(a), a primary beam is simply defined by the

Fresnel coefficient ry;, while the secondary beam can be evaluated as to;t19712¢*2%.

Here e~?? corresponds to the phase difference that is accumulated on as single
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propagation of the beam through the thin film, and 8 = (27d; /) Ny cosf;. Note that
the imaginary part of N; will account for the light absorption during the propagation.
The index numbers of Fresnel coefficients and their order indicate the direction of the
propagation, meaning that ty; indicates that a light is propagating from the layer 0
into layer 1, while ¢14 indicates that the light is propagating from the layer 1 into layer
0. Same holds for reflection coefficients. By following the light beam propagation
and adding (multiplying) appropriate Fresnel coefficients at each interface the ratio
between complex amplitude reflection (or transmission) coefficients for the case with
multiple reflections/transmitions can be obtained.

Let us focus on the case with a thin film on a bulk substrate that is shown in Fig.
3.10(a). The amplitude reflection coefficient in this case is expressed from the sum

of all the reflected waves:
ror2 = ro1 + tortioriorize >’ + tortiorioriae Y + tortiorigrize % + . (3.56)
The sum has a form of an infinite series: y = a+ax+ax?+ax®+... and is reduced
toy =a/(1 — x). Considering this Eq. 3.56 becomes:

tortiorige 2P

— . 3.57
1+ 7'107”126_125 ( )

To12 = To1 +

Eq. 3.57 can be further simplified by using identities: rq; = —rio and tg1tp =
1 —r2,, resulting with:
ro1 + rige” 2
1+ rigrige=28 "
Eq. 3.58 holds for both p- and s-polarizations, however adequate Fresnel coeffi-
cients need to be used (as given by Eq.-s 3.48, 3.49, 3.52 and 3.53). In a sense Eq.

(3.58)

To12 =

3.58 represents an effective amplitude reflection coefficient for the case of a thin film
over a bulk substrate. However in this case it is not possible to analytically express
neither N; nor N, as a function of p and 6, as it was the case with a bulk material
(Eq. 3.55). Here, to obtain a refractive index of a layer, or the thickness of the
thin film, a fitting procedure needs to be carried out. It is based on a self-consistent
solution of |pesp — prit] = 0 function, or any other more appropriate minimization
function. This will be described in the next section.

For now, let us consider an even more elaborate optical model. Let us add one
more thin film of a different material on top of a previously discussed a thin film /-

substrate structure. This is shown in Fig. 3.10(b), along with Fresnel coefficients
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required to calculate the total amplitude reflection or transmission coefficients. Con-
sidering a series of reflections from three interfaces will result with quite a cumber-
some sum. Instead it is much easier to first consider the substrate and the second
layer as one effective layer, using Eq. 3.58. This simplifies the model back to a
single thin film on a bulk substrate. This procedure can be repeated regardless of
the number of layers within an optical model. However, large number of layers can
introduce large number of variables in the minimization process. This could lead to
the existence of several different minima, or several possible solutions that do satisfy
the minimization condition. Correlated measurements can help to exclude some of
the solutions obtained within the minimization process by giving an expected range
for some of the parameters of the optical model. As an example, AFM can be used
to determine the thickness of a thin film, and if there are several minima within
the optical model that correspond to several different thicknesses of that film, only
those that are within the limit of the AFM measured values should be used. Also if
there are no minima within the expected range this can indicate an improper optical

model.
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3.3. Correlation measurements

This section discusses how different measurement techniques can aid ellipsometry
and provide more accurate interpretation of the ellipsometric measurements. We
will focus mainly on two characterization techniques AFM and Raman spectroscopy,
that have been described in the previous chapter (Sec. 2.2).

One of the greatest advantages of ellipsometry is it sensitivity. Ellipsometry is
capable of measuring layer thickness on a fraction of a nanometer, and can detect
subtitle changes in optical properties of a single-atomic layers. However this un-
paralleled sensitivity is also a downside of ellipsometry. Although, we can measure
optical properties of the sample with great precision, often it is not well defined what
was measured. Ellipsometric spectra gives the information on how has the entire
sample changed the polarization of the light after the reflection. If we are interested
in a particular component of our sample, as one layer within the structure, we need
to know as much as possible about all the other components of the sample in order
to include these appropriately in the optical models used for the data interpretation.

Ellipsometry can give direct information on optical properties only when a per-
fectly flat surface of a bulk material is measured. Commonly this is not the case,
and especially this is not even possible for the case of graphene. As it was described
in the previous section (Sec. 3.2) in order to interpret ellipsometric measurements
of more complex samples, it is required to use optical models. These optical models
need to include as realistically as possible many different sample properties that can
significantly affect the data interpretation. It is required to know number and type
(complex refractive index) of layers in the measured sample. Also, an interface be-
tween two layers can significantly alter the interpreted data. Often it is not possible
to assume that two materials have a perfectly flat and defect of residue free interface.
Usually interfaces are introduced into optical models as a surface roughness layers,
or gradient layers between two materials, or an additional thin inter-layer has to be
added in the optical model. If a layer or an interface that exists in the sample is
not included in the optical model, the retrieval procedure will result with false data.
In some cases, this error can be very small and comparable with the instrumental
uncertainty. However, in the case of graphene, since the layer of interest is only
0.335 nm thin, many minor changes in the optical model can cause large changes of
the resulting optical properties of graphene. How to minimize this unwanted effect

and how to properly build and analyze optical models for the case of graphene are
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topics of the next chapter (Sec. 3.4). Here we will focus on how other measuring
techniques can help us understand the sample better, and how to use this data to
properly build an optical model. These additional measurements are often referred
to as correlation measurements [154].

Let us first focus on how can Raman spectroscopy aid ellipsometry of graphene.
As it was discussed in Sec. 2.2.2, Raman spectroscopy is very reliable to determine
number of graphene layers, especially in the case of a single-layer graphene. Besides
knowing the number of layers in a single point (usually ~ 2 um diameter spot) it is
also important to know if the sample is uniform over the entire area that is used for
ellipsometry measurements (usually between 100 and 1000 pm in diameter). This
can be done either by spatial mapping of Raman modes, or by other techniques,
as optical microscopy, or AFM, or scanning electron microscopy. Once the sample
uniformity and a number of layers is confirmed this data can be used within the
optical model.

There are several different ways to introduce graphene into an optical model that
is used to interpret ellipsometric measurements. The simplest would be to add
graphene as a layer, and not to fix its thickness but to vary it in a certain range
from the expected value. This approach was used by J. W. Weber and coworkers
[75], and their best fit to measured data gave single-layer graphene thickness of 0.34
nm. However, this approach introduces one additional variable in the minimization
process, and can result with an increased uncertainty of the measurements. A similar
approach of accounting for graphene would be to keep it as a layer in the optical
model, but to fix its thickness to 0.335 nm. This value is equal to the extension
of the m orbitals out of the graphene plane [202]. This approach was first used
by V. G. Kravets and coworkers [74], and in several other ellipsometry studies of
graphene [84, 89, 90]. Also, this approach is adopted in this dissertation and the
related publications [82, 83, 91, 92, 156]. In the case when a graphene is supported
by a substrate with very high surface roughness, or with large number of nanometer
scale terraces (as in the case of a SiC) graphene can be modeled as a roughness
layer. This approach was introduced by A. Boosalis and coworkers [96]. Finally,
since graphene is so thin, it does not even have to be a layer in the optical model, it
can be introduced as a surface charge, or a surface condition for the set of Maxwell
equations. This approach was adopted by Y.-C. Chang and coworkers [66]. The main
advantage of this approach is that graphene thickness does not appear within the

optical model, neither as a constant nor as a variable. However, this approach gives
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optical conductivity of the sheet, and to translate this into absorption or complex
dielectric function, thickness of the film must be used. Regardless of how graphene
is added in the optical model, the result should be the same.

Besides determination of the layer number, Raman spectroscopy can give insight
into the quality of the sample, or into the presence of a transfer residue layer.
As discussed in Sec. 2.2.2, by examination of D-band and positions, widths and
intensities of G and 2D bands it is possible to estimate amount of residue, type
and the amount of doping of the sample, and the amount of strain. However if
these effects are not very pronounced, Raman spectroscopy alone should not be
used to determine them, but rather a combination with measurements of electrical
properties, or AFM should be used.

As it was discussed in Sec 2.2.3, AFM measurements of sample height can suggest
the presence of a trapped "water” layer between graphene and a substrate. An
example of this is shown in Fig. 2.9. However, in this case the obtained thickness
can not be used as a constant value, but only as an expected value and the water
inter-layer height has to be taken as a model parameter. Optical properties of
this water and air mixture layer are usually considered as known and modeled as
a Cauchy layer [153], with parameters taken from [74]. Besides the water inter-
layer, AFM can give an accurate value for the surface roughness. This can be easily
integrated into an optical model, using some of the well known roughness models
[153]. AFM can also reveal surface structure on a nanoscopic scale. As it is shown
in Fig. 2.9(b), wrinkles and transfer residue can be readily imaged by the AFM, and
an appropriate layer can be added into the optical model to account for these surface
imperfections. As it will be discussed in the chapter 4, transfer residue particles can
be introduced into an optical model using an "island-film” layer [153]. Here AFM
is used to estimate height of these islands and the percentage of the sample surface
covered by them. In the case of a sample shown in Fig. 2.9(b), residue islands cover
5 % of the total sample surface and their height has been estimated to 25 nm.

Besides AFM and Raman measurements, in the case of graphene, ellipsometry
measurements of the surrounding substrate can help to fix several parameters in
the optical model. As an example, let us consider exfoliated graphene on a SiO,/Si
substrate. By taking ellipsometric measurements of the surrounding substrate we
can determine the exact local thickness of the SiO4 layer. Also, by taking consequent
sample and substrate measurements it is possible to determine the exact angle of

incidence for a particular set of measurements. All these parameters can greatly
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increase the reliability of the obtained optical properties.

Whenever it is possible to have paired sample and substrate measurements, these
additional measurements should be used to fix as many parameters as possible. By
paired measurements it is referred to a set of two or more consequent measurements,
between which no changes were made in the measurement setup (optical path of the
ellipsometer), but only a translation of the ellipsometric spot on the sample has
been done. This translation should be as small as possible, in order not to introduce
significant change of the incident angle. Also, combining AFM topography and
ellipsometry measurements of a substrate, it is possible to see if a surface roughness
layer between the substrate and air is required within a optical model. Only when
an adequate optical model of the substrate is obtained it is reasonable to consider
modeling an atomically thin sample. Adding the sample layer to already predefined
optical model of the substrate significantly simplifies the data retrieval process.

This procedure should be followed whenever the layer of interest is very thin (less
than 5 nm) and there is a surrounding substrate, or a structure very similar to the
sample, but only without the layer of interest. This is the case not only for graphene

but also for the other Van der Waals’ materials.
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3.4. Retrieval of optical properties from ellipsometric

data

The following section describes interpretation of ellipsometric measurements. This
procedure relies on understanding of optical models (Sec. 3.2), and how these relate
to the measured data (Sec. 3.1). The focus of this section is how to obtain optical
properties of an atomically thin film from ellipsometric measurements, although the
procedures presented here are general and can be used to obtain layer thickness, or
to characterize bulk materials.

First a dielectric function modeling procedure will be explained (Sec. 3.4.1), and
how to use minimization to obtain parameters of a chosen dielectric function. After-
wards, a more suitable retrieval method for atomically thin films will be presented,
a point-by-point inversion (Sec. 3.4.2). Finally, an influence of an underlaying
substrate on reliability of the interpreted data will be presented (Sec. 3.4.3).

Combining a proper minimization procedure, minimization function and a sup-
porting substrate should be considered as a good practice guide for the data inter-
pretation of an ellipsometric measurements of atomically thin films, and holds not

only for graphene but also for the other atomically thin materials.

3.4.1. Modeling of optical properties

The previous two sections of this chapter have shown how the change in the state of
the polarization can be detected using ellipsometry (Sec. 3.1), and how to relate the
measured values to the optical properties of the sample (Sec. 3.2). This subsection
will focus on various functions for modeling of graphene’s complex refractive index,
and will explain the minimization process in the case when optical properties are
obtained from the fitting parameters of an assumed model. This is a general ap-
proach used in ellipsometry [153], however when atomically thin layers are measured
a better suited procedure for retrieval of the optical properties is a point-by-point

inversion, which will be the topic of the next subsection (Sec. 3.4.2).

Let us now focus on a case of fitting the optical properties of graphene with a
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model function. Let us assume that we have a spectroscopic ellipsometry measure-
ments (pep) of a graphene sample on a given substrate, and that all the parameters
of the model are known, except the complex refractive index of graphene (Ny,). Fur-
thermore, measurements are carried out in a spectral range (eg. the visible range)
where the complex refractive index of graphene can be represented by a certain
dielectric function as a Drude, Lorentz, Fano or Gaussian model. In this case the
refractive index of graphene is a function of several parameters, as resonant energy,

broadening and others, depending on the chosen model:
Ny = f(a,b,c, ...). (3.59)

Here f stands for a chosen function of the complex refractive index, while a, b, ¢
and possibly more are fitting parameters. The number of fitting parameters and
their physical interpretation depends on the chosen function. If these parameters
are known, then also the complex refractive index of graphene is known. The process
of minimization is used to obtain these parameters.

A given set of parameters, gives a specific Ny, and by using Fresnel equations (as
described in Sec. 3.2) it is possible to simulate ellipsometric measurements (pg;).
The optical model used here will have three or more layers ambient /graphene/sub-
strate. The optical properties of all other layers but graphene are considered as
known, these can be obtained from on-line databases [239]. Also thicknesses of all
the layers are considered known and are fixed during the minimization process. Fur-
thermore, the incident angle 6 is also considered as known. All of these parameters
can be obtained from corroborated measurements (as described in Sec. 3.3).

Spectroscopic measurements are taken at several different wavelengths in a chosen
spectral range, meaning that: pe,p = pesp(A) . The simulated data also needs to be
the function of the wavelength. The minimization is done with the respect to the
parameters of the function used to describe the complex refractive index of graphene.
These parameters can not be dependent on the wavelength, but they describe N,
in a spectral range. The function itself need to be chosen to be adequate for the
given spectral range. The minimization process is done by comparing the difference

between measured and fitted spectra summed over the spectral range, as:

)\n
o(ab,ec )~ 3 [pean(N) = pra(N)l. (3.60)
Ai=A1

For a given set of parameters (a,b,c, ...), the corresponding minimization value

o(a,b,c, ...) is obtained. The process of minimization varies these parameters until
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the minimal value of ¢ is found in a given parameter range. This way the complex
refractive index of graphene is obtained from the spectroscopic ellipsometry mea-
surements. The advantage of this approach is that if there are any instrumental
errors that are dependent on a specific wavelength, as instability of the lamp, these
will be averaged into the entire spectra and in most cases will have negligible ef-
fects on the obtained data. The main drawback is that this approach is fixed to a
spectral range where the specific model of the dielectric function of the sample is
applicable. Since this approach averages the data through the entire spectral range,
if there are any issues with the optical model these will be much harder to find using
this approach. As an example, if there is remaining transfer residue, in the visible
it might go unnoticed, but in the UV this film will significantly contribute to the
absorption and if not accounted for will result with the false data interpretation,
since the absorption will be included in the complex refractive index of graphene.
Finally, a problem remains how to properly model the optical properties of graphene

in a given spectral range.

Understanding the optical properties of graphene is mandatory for this approach
(see Sec. 1.2). There have been several different approaches to model complex
refractive index of graphene [240]. A constant values for both n and k were used to
model complex refractive index of graphene by Z. H. Ni and coworkers [63]. Also in
the visible linear n and k£ ~ \/n has been used by M. Bruna and S. Borini [241]. A
model for the complex refractive index of graphene based on several Drude functions
[46] was introduced by U. Wurstbauer and coworkers [76], here a metallic behavior
of graphene was assumed in the visible range. A b-spline functions based method
that uses a larger number of fitting parameters to describe the complex refractive
index of graphene both in the visible and UV was introduced by J. W. Weber and
coworkers [75]. A model based on a Fano resonant profile was employed within Ref.
[82], which is related to the dissertation, and will be described in greater detail in
Sec. 4.2. This method was also (independently) used by P.-K. Gogoi and coworkers
[89] to describe the complex refractive index of graphene in the visible and UV
ranges.

In a wider spectral range, one function might not be suitable for the description
of the complex refractive index. As it was shown in the case of graphene (see
Sec. 1.2) in the far-infrared an intraband component needs to be accounted for,

in the mid-infrared a change in the optical properties due to the Pauli blocking
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(at 2EF) occurs. In the UV a prominent absorption peak dominates the optical
spectra. This peak corresponds to the exciton-shifted Van Hove singularity at M-
point transitions. If we would go even further into the UV, at about 25 eV an another
Van Hove singularity will arise. This would correspond to the interband transitions
at I'-point. Considering all this, it is quite obvious that if the spectral range of
the measurements is large, it will be very difficult to use one dielectric function
in the minimization process. A better approach in this case would be a point-by-
point inversion. This approach was used to interpret ellipsometric measurements of
graphene in Ref.-s [66, 74, 84] and also in the publications related to the dissertation

[83, 91, 92]. A point-by-point inversion is presented in the next subsection.

3.4.2. Point-by-point inversion and minimization functions

suitable for 2D materials

A point-by-point inversion, or a mathematical inversion, is a minimization process
that is used to retrieve desired parameters of the optical model at each wavelength
independently. It is used only when a small number of parameters in the optical
model are unknown, usually a complex refractive index or thickness of one layer
within the optical model. If more parameters of the model are unknown, inversion
process will most likely have multiple solutions, and in some cases could be unap-
plicable. This method is very similar to the dielectric function modeling described
in the previous section (Sec. 3.4.1), with the main difference being that here optical
properties are obtained at each wavelength independently, rather than in a spectral
range.

There are several advantages of this method. Since the minimization is carried
out at each wavelength, it can be applied to wide spectral ranges. Also, there are
no initial assumptions of the dielectric function. Furthermore, using point-by-point
inversion it is easier to detect any problems within the optical model, especially if
they are related to a specific part of the spectra.

The major drawback of a point-by-point inversion is the fact that any instrumental
error, or any error within an optical model will be translated into an error of the

values (optical properties) obtained in the minimization process. This happens
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Figure 3.11.: A flowchart of a point-by-point inversion data analysis process.

because the minimization is independent at each wavelength, and any error that is
localized at a specific wavelength will not be averaged in the entire spectra, but will

create a discrepancy in the obtained value at that particular point in the spectra.

Let us focus on the inversion process on an example similar to the one in the
previous section. A typical flowchart of the data analysis process is shown in Fig.
3.11. Let us assume that we have a series of measurements (pez,(A, #)) of a graphene
sample on a substrate, taken under several different angles of incidence. First, it
is required to build an optical model, as described in Sec. 3.2. An optical model
used in this example consists of three or more layers (depending on a substrate and
interlayers); i.e. ambient/graphene/substrate.

As in the previous section, let us assume that all the parameters of the optical
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model are known (obtained through corroborated measurements), except for the
complex refractive index of graphene: (Ngr(A) = n — ik). In this case, a point-
by-point minimization process is used to obtain the values of n and k. For this it
is important to define the expected ranges, and resolution (grid) for both n and
k. These ranges should be significantly larger than the expected values of for the
complex refractive index. Most materials have both n and k ranging between 0 and
5, so if the minimization process returns values several times greater than these,
most likely there is a problem within the optical model.

With all known parameters set, and ranges for the unknown parameters defined,
the minimization process can begin. In the case when n and k are the values
of interest, numerical code for the process in the simplest form will have three
nested for loops. The outer loop will go through each wavelength independently.
At each point in this loop a plane in n-k space can be made, such that every
point in that plane represents a possible solution for the complex refractive index
(Ngr = n —ik). Boundaries of this plane are the ranges for n and k that were set
prior to the minimization process. For each point optical models (see Sec. 3.2) are
used to simulate all the measurements taken (under different angles of incidence).
A minimization function o(\;, n, k) (will be explained later in the text) is calculated
for each point in n-k plane. Lower values of ¢ indicate better agreement with
the measured data, while higher values indicate discrepancies of the model with
the experiment. A minimum value of the minimization function is obtained at
each wavelength ¢, (Ai, Nmin, Kmin). The coordinates of this value in a n-k plane
(Nnin, kmain) represent the solution for the complex refractive index at that particular
wavelength. This process is repeated at each wavelength (the outer loop) and the
spectra of the complex refractive index is obtained (Nggr()\)).

As mentioned earlier, the main drawback of a point-by-point inversion is that
any instrumental errors, or errors created by an improper optical model, will be
translated into an error of the obtained data. For this reason, results need to be
inspected. In order to properly inspect the results, some initial expectations are
required. In the case of complex refractive index of graphene, as it was seen from
its dispersion relation and joint density of states function (see Sec.-s 1.1 and 1.2),
in the visible range no prominent changes are expected, as a bandgap or Van Hove
singularity related peaks, or "kinks” in the optical properties. On the other hand,
in the UV range, a prominent absorption peak is expected. Regarding the range

of n and k that should be set prior to the inversion process, optical properties of
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graphite are a good reference [239]. Resulting n and k of graphene should not
vary significantly from the values of bulk graphite. Considering all these, and by
examining the resulting spectra of graphene’s refractive index, an improper optical
model or a problem in the measured data can be detected. Here one should look for
unexpected features, rapid changes in the refractive index, n < 1 (unless a plasmonic
resonance is expected) or (n,k) approaching their limits, or having unexpectedly high
values. As an example, minimization process should allow for n to be 10, but if the
minimal value does require this high refractive index value, almost certainly there
is a problem in either measurements or optical models, or even both.

It was mentioned that a numerical code for the given example would have three
nested for loops. This is an unoptimized example, and it could be easily parallelized
in order to reduce the time and optimize the resources required by the calculation.
As an example, since all the calculations are wavelength independent, the outer loop
can be vectorized, thus parallelizing the entire process. The same could be done for
the two nested loops within the outer loop, however this also depends on the method
for finding the minimal value of &, (A, Nmin, kmin), and in some cases a function
that searches for the minimal value could be faster than vectorization of all three
loops. The method described here, with flowchart shown in Fig. 3.11, is the basis
for the MATLAB code used in the dissertation for retrieval of the optical properties

of graphene (chapter 4). An example of such a code is given in appendix C.3.

Let us now focus on the minimization function o(\;,n, k). In order to simulate
ellipsometric measurements, first ps;; needs to be obtained from the optical model
of the sample, as shown in Sec. 3.2. Then it needs to be related to the values
that are measured in a specific ellipsometric setup which has been used (Sec. 3.1).
Finally the measured and the fitted values need to be compared. The function that
does this is called a minimization function . The goal of the minimization process
is to find the smallest o possible using a realistic optical model. Lower values of
o indicate better agreement between the measured and the fitted data, and more
accurate fitting results.

Let us focus on a case where the measured values are ellipsometric angles 1., (\;, 6;)
and A.z,(N;, 0;). These are the function of both angle of incidence # and the wave-
length of the incident light A. Simulated spectra will give ¢; and Ag;. A most
common way to define the minimization function that simultaneously considers sev-

eral measurements of the same sample that were taken at the different angles of
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incidence:
N 1
7(0) = s (30 Wenh8)) = U3 ) H By X)) = A3 8)° )
- (3.61)
Here M stands for the number of wavelengths for which measurements were car-
ried out. N stands for the number of different angles of incidence. P is the number
of fitting parameters. Indices exp and fit stand for experimental and calculated
(fitted) data, respectively.
In general, o considers a function of the sum of the absolute value of the difference
between measured and fitted data. Commonly this function is a polynomial one,

and a general expression for ¢ could be written as:
q
A ) ~ (Z |¢exp - @Z)fitlp + |Aea:p - Afz‘t|p> . (362)
0

Here p and ¢ stand for the factors of the minimization function. In the case of
Eq. 3.61 p =2 and ¢ = 0.5. However these factors could have any values that are
suitable for the specific problem. Eq. 3.62 can be multiplied by a constant value,
also to better suit the minimization process.

To demonstrate how the choice of the minimization function factors p and ¢ affects
the minimization process, Fig. 3.12(a), (b) and (c) show maps of o, ,(n, k) for the
same set of six measurements, under six different angles of incidence. The measured
data was taken from Ref. [91] and the interpretation of these measurements will
be the topic of the next chapter. Here we only focus on the difference in finding
minimal value of ¢ for the different values of p and q. Whenever possible, p = 2 and
g = 0.5 should be used, as in Fig. 3.12(a), where the minimal value of the refractive
index was found to be 3.05-i11.95 (£0.15). This value has been indicated by a red
circle in Fig. 3.12(a), (b) and (c), to illustrate how the different choice of p and ¢
could lead to the different solutions. In this particular case, a better choice of p and
g would be p = ¢ = 1, as shown in Fig. 3.12(b). This is seen by the better defined
minimal value of o, ,(n, k) than in the case sown in (a). However this is true only
for the given wavelength, in order to use a different minimization function it must
be confirmed that the new function is better suited that the standard one in the
entire spectral range.

Figure 3.12(c) shows a 0, ,4(n, k) for a very unusual set of factors p and ¢. Here
p = 0.1 and ¢ = 1. Such a minimization function can be used to detect a partic-

ular measurement that has a significant discrepancy compared with all the other
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Figure 3.12.: Values of o as a function of (n,k) for: p =2 and ¢ = 0.5 (a); p =1
and ¢ = 1 (b); p = 0.1 and ¢ = 1 (¢). A red dot in each figure
represents the solution for (n, k), obtained from (a). (d) and (e) show
cross-sections of (a) in n and k direction, both intersecting the minima
point (3.05, 1.95), and are marked in (a) by dashed lines.

measurements. In Fig. 3.12(c) there are a total of six minima lines that overlap
each other. Each minima line corresponds to a particular measurement (taken at
a different angle of incidence). In the given example, all the minima lines overlap
in the region where the minimal value is expected. However, if one minima line
would not cross this region it would indicate that for some reason the particular
measurement, deviates from all the other. If this is the case over the entire spectral
range, most likely an improper incident angle has been used in the optical model.
When atomically thin samples are measured, an error in the incident angle as small

as 0.01° can cause these deviations of the minima lines in n-k plane.

Let us now focus on the problem of the uncertainty for the obtained values of
n and k, using the example shown above. One more upside of the point-by-point
inversion is that an error of the obtained data can be estimated relatively straight
forward during the minimization process. Let us assume that we have an exact
optical model, introduction of the uncertainty by the optical model will be considered
later on. In this case only an instrumental error can cause an error of the obtained

data. Measurement precision varies for different ellipsometric setups, but in general,
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values for ¢ and A can be obtained with precision between 107 and 10~* [153].
Such a precise measurements of the state of polarization do not guarantee a precise
measurement, of the optical properties of a particular layer in the sample, in this
case graphene. There are two factors regarding a sample structure that affect on
the error of the interpreted data. First if a layer of interest is relatively deep within
the sample structure, multiple reflections from the upper layers will significantly
increase the uncertainty of the obtained data. The layer of interest should be the
top layer if possible, or at least not deeper than three layers from the top one. The
number of layers that can be over the layer of interest depend on their thickness and
optical properties. The other structural property of interest is the layer thickness.
If the layer thickness is comparable with the incident light wavelength, i.e. from
~50 nm to ~2 pum, interference of the light within the layer will determine the
sensitivity. However if the layer is significantly thinner that the incident wavelength,
then thinner the layer greater the uncertainty. This is the problem when graphene
and other atomically thin layers are measured.

Estimating the uncertainty of obtained n and k in the case when an optical model
is fixed is relatively straight forward. First an error of the measured values is es-
timated (09 and JA). After the minimal value for o is found in the minimization
process, it is easy to estimate how much n and k& would vary if the measurements
would vary for 01 and dA. The values of on and 0k will depend on the profile of the
minimization function near its minimal value &, (A, Nmin, Kmin)- This is shown in
Fig. 3.12(d) and (e). Usually, when a single layer graphene is a top layer, these vari-
ations are between 2% and 10%, depending on the substrate interference. However,
01 and 0A are also the function of a wavelength, and near the limits of the spectral
range, due to very small light intensity, uncertainty of the obtained parameter values
(0n and dk) can be as high as 200%. In an example shown in Fig. 3.12, uncertainty
of the obtained optical properties of graphene was estimated to be 4+0.15, or less
than 8%. Here, the minimization function factors p and ¢ were chosen to be 2 and
0.5 respectively.

On the other hand, if there is an uncertainty introduced by the optical model
itself, the issue of estimating an error is much more elaborate. Let us consider the
case where, besides n and k of the graphene layer there is an undefined parameter
in the substrate, as thickness of a layer, or a roughness layer, or optical properties
of a layer within the substrate. If these can not be determined from a corroborated

measurements, they also need to be included within the minimization process. As
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a result, the minimization process will have more parameters, this will not only
increase the time required for the minimization, but could lead to several different
solutions (multiple minima of ¢). Furthermore, graphene layer is very thin, and
almost in all cases when the optical model is not well defined, a resulting uncertainty
of the obtained optical properties of graphene is so large that the inversion process
is unapplicable. This points out how important corroborated measurements are for
proper interpretation of the ellipsometry measurements in the case of atomically

thin films.

As the last part of this subsection, let us consider a minimization function that
is well suited when measuring atomically thin films. Let us consider the case of a
graphene layer over a substrate. Again, let us consider that all the parameters of
the optical model are known, except for the complex refractive index of graphene.
Furthermore, let us assume that we have paired sample and substrate measurements.
These were explained in Sec. 3.3, when ellipsometric measurements of the substrates
were considered as corroborated measurements. This is commonly possible for the
case of graphene, and other Van der Waals’ materials, since the sample covers only
a part of the substrate. The paired substrate measurements are considered to have
the same optical model, only without graphene layer and possibly an inter-layer
between graphene and a substrate. By fitting the substrate measurements it is
possible to obtain the exact angle of incidence, exact local thickness of layers within
the substrate, or presence of various roughness layers.

Substrate measurements are also interpreted by the inversion process, however
here only parameters that do not depend on the wavelength are obtained (thicknesses
and angles). For this reason substrate fit will never exactly match the measured data.
If we again consider that the measured values are ellipsometric angles ¥ and A, then

these discrepancies of the substrate measurements will be defined as:
5¢sub()\i7 0j) - 77bsub,e:sp(/\i7 93) - ¢sub,fit(/\i7 93) ) (363)

5Asub()\ia 9]) = Asub,ea:p<>\i7 9]) - Asub,fit(Ah 9]) . (364)

These values are usually below 1% when a proper optical model of the substrate
is used. However, if there are resonances due to interference within the substrate,
the values of 01, and dA,,, can be much higher near the resonance wavelength.

Since we consider that the sample (graphene) is an atomically thin layer, the

effect of interferences within the sample layer can be neglected. Sample will only
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modify the substrate spectra, and the measured sample ¥ and A spectra will be
predominantly defined by the underlaying substrate. Furthermore, the same opti-
cal model that was used to interpret substrate measurements is used also for the
interpretation of the sample measurement, with the addition of the sample layers.
Any discrepancies that exist within the substrate measurements (¢, and 0Ag),
will be included in the obtained optical properties of the sample, thus resulting with
incorrectly interpreted data. In order to avoid this a substrate fitting error has to be
added to the sample fitting procedure. This is done by modifying the minimization
function o, as followed [83]:

q

U(/\l) ~ (Z |¢e$p - 77Z}fit - 5¢sub|p + ‘Aea:p - Afit - 5Asub|p> (365)
0

Here, summation goes over all the measured angles of incidence, and all ellipso-
metric angles are functions of both the incident angle and the wavelength. This
way a substrate correction can be included in the minimization function, and the
minimization process will ”compensate” for the substrate discrepancies, thus not
including these into the obtained complex refractive index of the sample.

As it was stated, Eq. 3.65, can be used only when the sample is thin enough
to exclude any light interferences within the the sample layer, usually less than 5
nm. Furthermore, the sample needs to be added on top of the substrate, but still to
leave enough clean substrate area for paired sample/substrate measurements. And
finally the substrate underneath the sample must be identical to the bare substrate
next to the sample and the incident angle, as well as the entire ellipsometric setup
must be unchanged for the paired sample/substrate measurements. Only if all these

conditions are met, Eq. 3.65 is applicable as a minimization function.

3.4.3. Using substrate interference to enhance sensitivity of SE

measurements

This subsection presents a method for choosing an adequate substrate for ellipsomet-
ric measurements of an atomically thin structure deposited over a chosen substrate.

As it will be show the right substrate can significantly increase sensitivity of SE
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measurements. By an increased sensitivity it is referred to an increased influence of
a surface layer in the total measured ellipsometric spectra (i, A). This will affect
a data retrieval process, and in the case of a point-by-point inversion (presented in
the previous section) a properly chosen substrate will give very sharp minima of a
(A, n, k) in a certain range, thus significantly increasing precision of the obtained
data.

Previously, in Sec. 2.2.1 an interference of light within a substrate has been used to
enhance optical contrast of graphene. That case examined a change in contrast that
occurs due to an interference of a light within SiOs layer, under normal incidence in
a graphene/SiOy/Si sample. The same principle can be used to enhance ellipsometry
measurements of graphene on a SiO,/Si substrate. The main difference is that in
ellipsometry incidence is oblique, and a difference in ¢ and A are considered, rather
than a relative light intensity (contrast).

An adequate supporting substrate, combined with the proper incident angle can
greatly increase the sensitivity of the measurements to the graphene layer in a certain
range. The difference of measured ¢ and A spectra, between the graphene layer on
the substrate and the bare substrate determines the reliability of the extracted
optical parameters [62]. The change in polarization caused by the SiO, layer has a
series of constructive and destructive resonances [153]. These resonances occur when
the phase shift of a secondary beam becomes exactly a half integer wavelength. The
maximum in ¢ appears for destructive interference of s-polarization. In a relatively
large spectral range around these resonances the system is very sensitive to any thin
layer on top of it. The position of these resonances can be tuned by changing the
optical path of a beam within a SiO, layer. For a fixed wavelength of incident light,
there are two ways to change the optical path, by changing thickness of a SiO, layer,
and by changing an angle of incidence.

By using the different SiO, layer thickness it is possible to position these reso-
nances in almost any spectral range of an interest. Unfortunately, due to the optical
contrast of graphene [61], the sample will be optically visible only if a SiO5 thickness
is ~290 nm or ~90 nm, with tolerance of about £15 nm. In any other case contrast
between the sample and the substrate in the visible range will not be large enough
to detect the sample by optical inspection. In those cases it is much harder to carry
out paired sample/substrate measurements.

The other way to tune these resonances is by the incident angle of the light. This

can be done with variable angle ellipsometers. However, to make a significant shift
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of the resonance peak in the spectra, very large differences in the incident angle are
required. Ellipsometric spectra should be measured near the Brewster angle of the
structure, which in this case is defined by the Brewster angle of the underlaying
bulk silicon (0 ~ 73.8°). Measurements under an angle that is significantly lower
than the Brewster angle will be less reliable.

Let us see how the difference between the measured sample and substrate ¢ and
A spectra can be enhanced on an example of a single layer graphene (dg aphene =
0.335nm) placed on top of a SiO,/Si substrate. This will be done both by varying
the thickness of SiO, layer and an angles of incidence. Optimizing the choice of a
SiO, layer thickness and the angle of incidence, can result with a thousand times
higher sensitivity of ellipsometric measurements in the desired spectral range, than
in the case of a bulk substrate.

Let us consider that in every case there are four sets of subsequent measurements
of graphene/SiO2/Si and bare SiOy/Si, under four different angles of incidence:
70°, 65°, 60° and 55°. Measurements at angles lower than 55° would have almost
negligible difference between the sample and the substrate, and would not contribute
to the increased sensitivity. Considered spectral range is the visible an UV (1.5 eV
-6eV).

Let us first focus on the samples that are visible by optical inspection. Figures
3.13(a) and (b) show simulated tany and cosA spectra of paired sample/substrate
measurements, under all four angles of incidence. In this case the thickness of a
Si0, layer has been fixed at 300 nm.

Figures 3.13(c) and (d) show the difference between each pair of a sample and
a substrate measurements shown in (a) and (b). The difference is calculated as:
tantsq, - tantg,,, where indices sam and sub refer to the sample (graphene/SiO, /Si)
and the substrate (SiO9/Si), respectively. An envelope indicated by a green dashed
line in Fig.-s 3.13(c) and (d) is obtained by summing the absolute value of the differ-
ence for each pair of sample/substrate measurements taken under the different angle
of incidence. These envelopes indicate the sensitivity of an ellipsometric measure-
ment in the given spectral range. As it can be seen, by using a 300 nm thick SiO,
layer, sensitivity of ellipsometric measurements is increased in two narrow regions
in the visible (2.5-3 €V) and in the UV (4-4.5 eV) ranges. Outside of these narrow
regions, measurements are even a hundred times less sensitive to the presence of a
graphene layer.

The other choice of a substrate that allows an optical inspection of a sample has
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Figure 3.13.: (a) and (b) simulated spectra of tant and cosA of a graphene/SiO4/Si
(solid lines) and bare SiOy/Si (dashed lines), under four angles of in-
cidence. (c) and (d) relative difference between sample and substrate
spectra shown in (a) and (b). In (a)-(d) thickness of a SiO, layer was
fixed at 300 nm. (e) to (h) present spectra as in (a)-(d) only with the
thickness of a SiO, layer fixed at 80 nm.

a SiOy layer thickness of 90 nm £ 15 nm. Figures 3.13(e)-(h) present the spectra
in the same manner as in (a)-(d) only with the thickness of a SiO, layer fixed at
80 nm. In this case there is only one destructive interference of s-polarization in a
given spectral range. This results with an increased sensitivity in most of the visible
range (2-3.5 eV).

In the case of graphene, a feature of interest is a prominent absorption peak in the
UV. For this reason, let us consider the thickness of SiOy that is required to have
an enhanced sensitivity of the measurements in the UV range. Figures 3.14(a)-(d)
show the data in the same manner as in Fig.-s 3.13(a)-(d), only with the thickness
of a SiO, layer fixed at 40 nm. As it can be seen from Fig.-s 3.14(c) and (d), in

this case an enhanced sensitivity is very broad and in the UV range (3-6 eV). These
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Figure 3.14.: (a) and (b) simulated spectra of tant and cosA of a graphene/SiO4/Si
(solid lines) and bare SiOy/Si (dashed lines), under four angles of in-

cidence. (c) and (d) relative difference between sample and substrate

spectra shown in (a) and (b). In (a)-(d) thickness of a SiO, layer was

fixed at 40 nm. (e) to (h) present spectra as in (a)-(d) only without a

Si04 layer, i.e. graphene on a bulk silicon.

measurements are about ten times less sensitive than in the case of a 300 nm thick
SiOq layer, but that is still enough to have very reliable data interpretation (an
uncertainty of less than 2% when using inversion).

As a comparison Fig.-s 3.14(e)-(h) show the case with the thickness of a SiO, layer
of 0 nm, or a case of graphene on a bulk silicon. As it can be seen these spectra
do not have any resonances caused by the multiple reflections, since there are no
layers that have their thickness comparable with the wavelength of the incident
light. More importantly, by comparing the difference between the sample and the
substrate measurements (Fig.-s 3.14(g) and (h)) gives from about one hundred to
about one thousand times lower sensitivity than all the other previously shown cases

that do have the effect of an enhanced sensitivity.
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The method of the enhanced sensitivity of the ellipsometric measurements has
been used in the experiments (chapter 4) that do have graphene supported by a
SiO,/Si substrate, and within the publications related to the dissertation [83, 92].
Also, the method shown here holds not only for graphene but also for any other thin
film (less than 5 nm) on a SiO,/Si substrate, and could be used as a guideline for
a proper choice of a substrate when optical properties of atomically thin films are
investigated. As an example, if an atomically thin semiconductor films as MoSs or
WS, were considered, since their bandgaps lie in the visible range, an appropriate

SiO, layer thickness would be between 70 nm and 90 nm.
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4. SPECTROSCOPIC
ELLIPSOMETRY OF
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The final chapter of the dissertation presents a study of optical properties of graphene,
measured by spectroscopic ellipsometry. As well as, how ellipsometry can be used as
a quality control tool in graphene-based technology. The advantages of ellipsometry,
proper substrates, corroborated measurements, and many other that have been the
topics of the previous chapters have been employed here in order to ensure higher
accuracy of the obtained results. The results presented in this chapter have been
also presented in the publications related to the dissertation [82, 83, 91, 92], and

summarized in a review article [156].

The first section of this chapter (Sec. 4.1) presents optical properties of exfoliated
single-layer graphene obtained by SNIE [83]. Furthermore, the first section shows
how a Fano resonant model can be used to parameterize complex refractive index
of graphene [82, 83] and to estimate properties of a M-point exciton.

The second section (Sec. 4.2) focuses on how SNIE can be used to spatially map
optical properties of graphene. Furthermore, the second section shows a spatial
distribution of a water layer that remains trapped between graphene and a substrate
during micro-mechanical exfoliation [83]. Ellipsometric maps are also compared with
AFM topography maps of the same sample area, showing a correlation between these
two techniques.

The third and the fourth sections focus on how ellipsometry can be used as a
quality control tool for the processes that are commonly used in graphene-based
technology. The former (Sec. 4.3) shows how through the changes in optical prop-
erties of graphene it is possible to detect a residue layer that remains on the surface

of the sample [91]. It is shown that this residue layer can increase light absorption
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in a graphene layer by as much as 30% in the visible range.

The final section (Sec. 4.4) focuses on how optical properties of graphene change
when supported by a substrate that strongly interacts with graphene layer, a metallic
substrate. Here, SE measurements have been supported by KPFM and measure-
ments of electrical properties in order to investigate how a graphene layer interacts
with a supporting gold substrate. Furthermore, it has been demonstrated how
changes in optical properties of graphene can be used to characterize quality of a

graphene/gold contact with an optical technique [92].

4.1. Obtaining complex refractive index of graphene
using SNIE

This section examines the optical properties of exfoliated graphene on an Si/SiO,
substrate using spectroscopic null imaging ellipsometry in the visible range (360 -
800 nm), the results shown here are also presented in Ref. [83]. Measured spectra
were analyzed by an optical model based on the Fresnel coefficient equations, as
described in the previous chapter. The optical model was supported by correlated
Raman and atomic force microscopy measurements. The complex refractive index
of graphene was obtained by inversion of the measured ellipsometry data. The Fano
line-shape was used to parameterize the optical properties.

Measurements were highly reliable due to the numerous advantages of SNIE com-
bined with the proper choice of substrate and angles of incidence. SNIE measures
angles with precision greater than 0.01°, and not fluxes, thus ensuring even higher
accuracy while avoiding any nonlinearities introduced by the detector. Particularly,
SNIE is an excellent tool to probe the optical properties of graphene due to its ex-
ceptional sensitivity, small spot size (1 pm) and accuracy, as well as its ability to
control which part of the sample is measured in a wide spectral range. Using regions
of interest (ROT), it is possible to measure multiple regions of the sample simultane-
ously, and carefully select areas to avoid dirt, residue, etc. that may affect obtained
results. The effect that graphene layer has on the measurement is increased when

an adequate substrate is chosen, which is also demonstrated in this section.
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4.1.1. SNIE measurements of exfoliated graphene

Examined graphene samples were prepared by mechanical exfoliation of kish graphite
(NGS Naturgraphit GmbH) on Si wafers (IDB technologies Ltd) with thermal SiO,
layers of 90 nm or 300 nm thickness [1] (for more details see Sec. 2.2.1 and App. B.2).
Samples were located by optical microscopy [63, 61], and are shown in Fig. 4.1(a)
and 4.1(b). The number of layers and sample structure were confirmed by Raman
spectroscopy using Chromex Micro Raman 2000, and atomic force microscopy using
Ntegra prima scanning probe microscope. The Micro-Raman spectra of graphene
were obtained using an excitation source of A = 532 nm, doubled Nd:YaG laser. The
laser power on the sample was about 1 mW with the 40x microscope objective which
prevents any sample degradation. Acquisition times were 200 s, with five exposures

averaged. The spectral resolution was 2 cm™!.

4.1(c) and 4.1(d).

Due to the relatively small size of the samples, imaging ellipsometry is the per-

Raman spectra are shown in Fig.

fect tool for examining optical properties of exfoliated graphene and other exfo-
liated 2D materials. In the research presented in this section a null ellipsometer
"nanofilm_ep3se” by Accurion GmbH was used. As it was discussed in the previous
chapter, the ellipsometric technique measures the value p = r,/r; = tan(V) exp(iA).
Upon light reflection on a sample, p- and s-polarizations show different changes in
amplitude and phase [153]. Obtained amplitude ratio (¥) and phase difference (A)
show the polarization state of the measured sample, and they hold information on
the sample’s optical properties.

As it was discussed in Sec. 3.1.4, null ellipsometry technique determines ) and
A from the rotational angles of polarizer (P) and analyzer (A) when the detector
light intensity is zero. In the used setup, light reflected from the sample must be
linearly polarized. This is possible only for certain elliptical polarizations of the
incident light. These polarizations are found by rotating the polarizer while the
compensator’s angle is kept fixed (45°). There are four different polarizer angles
that satisfy this condition, thus there are four possible solutions satisfying the null
condition. All of the measurements are done by averaging these four solutions,
i.e. four-zone averaging. Samples were measured in ambient conditions at room

temperature. Spectral data was obtained by measuring at 35 different wavelengths
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Figure 4.1.: (a) Optical (left) and Brewster angle (right) microscope images of the

measured graphene sample on a 90 nm SiO, layer. The spot in the mi-
croscope image marks the area of Raman measurements. In the Brew-
ster angle microscope image, regions 0 and 1 indicate regions of inter-
est (ROI) used for the spectroscopic measurements, of the single-layer
graphene and the substrate, respectively. (b) Optical (left) and Brew-
ster angle (right) microscope images of the measured graphene sample
on a 300 nm SiO, layer. Spots in the microscope image mark areas used
for Raman measurements of single- and bi-layer graphene. In the Brew-
ster angle microscope image, regions 0, 1 and 2 indicate ROI used for
the spectroscopic measurements of single-layer, substrate and bi-layer
graphene, respectively. Scale bar is 20 yum. (c¢) and (d) Raman spectra
of the samples shown in (a) and (b), respectively. Areas measured with
Raman spectroscopy are chosen to match ROI used for ellipsometric

measurements.

between 360 nm and 800 nm, with an average full width at half maximum of 10 nm.

Measurements were carried out for two different incident angles 71° and 60°.

An advantage of the imaging ellipsometer is the possibility to simultaneously

measure spectra from different ROI within the view field of the CCD detector.

This ensures the same ambient conditions and the same angle of incidence. In this

mode, nulling of the signal is done by averaging within the selected region of the

CCD. The microscope images and the brewster angle microscope images as well as

the selected ROI are shown in Fig. 4.1(a) and 4.1(b). These paired sample and

substrate measurements have been used in the data interpretation procedure shown

in the next subsection.
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Figure 4.2.: (a) Measured ¥ spectra of the sample (circles) and substrate (triangles)
with fitted sample (solid line) and substrate (dot-dashed line) data, and
(b) measured and fitted A spectra, for the sample on a 90 nm SiOq
layer. Measurements were carried out with same ROI used under two
different angles of incidence: 60° and 71°. Image of the sample and ROI
used are shown in Fig. 4.1(a). (c) and (d) measured 1) and A spectra
of both sample (single- and bi-layer) and a substrate with a 300 nm
SiOq layer, under 60° angle of incidence. Vertical lines in (c) and (d), at
430 nm, 470 nm and 501 nm indicate wavelengths used for ellipsometric

mapping of the sample (Sec. 4.2).

SNIE measurements of single-layer graphene on a 90 nm SiO, sample are shown
in Fig. 4.2(a) and (b), together with their paired substrate measurements. Measure-
ments on a substrate with the thicker SiO, layer were also carried out, and are shown
in Fig. 4.2(c) and (d). As it was discussed in Sec. 3.4.3, the different thickness of
a SiO layer gives the different regions in the spectra where the destructive inter-
ference of a s-wave occurs between primary and secondary beams. In these regions,
ellipsometric measurements are much more sensitive to any thin layer present on the
surface of the substrate. The sample on a 90 nm SiO, layer has much broader region
of the enhanced sensitivity in the visible range. This can also be seen by observing
the difference between the sample and its corresponding substrate ¢ and A spectra
in Fig. 4.2. For this reason only spectra from the sample on a 90 nm SiO, substrate

have been used in the data interpretation process (Sec. 4.1.2).
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4.1.2. SNIE data interpretation and Fano resonant profile

modeling of graphene’s complex refractive index

The complex refractive index of graphene on a 90 nm SiO, layer was obtained from
the spectral data by inversion (see Sec. 3.4.2) of the measured spectra shown in
Fig.4.2(a) and (b). Inversion was carried out by minimization of the difference
between the measured and simulated spectra. Simulated spectra were obtained
from the five-phase Fresnel coefficients system. The thickness of the graphene layer
is considered known, and is fixed at d, = 3.35 A. Optical properties of a Si substrate
and thermal SiO, layer are taken from Ref. [239].

The optical model has shown that the local thickness of the SiO, layer has to
change by almost 2 nm in the graphene sample region to allow good fitting of the
measured data. Such a large SiO5 thickness change between sample and substrate
ROI is not expected (see Sec. 4.2), so a Cauchy water and air mixture layer has to
be added [153]. Parameters for this layer are taken from Ref [74] and its thickness
is determined to be 10.2 A. This layer is very similar to SiO,, since both dielectric
functions are described by the Cauchy model. The optical model is not sensitive to
the position of the water layer relative to the graphene, however it is expected that
this water layer remains trapped between graphene and substrate during exfoliation
process.

With the optical model set, the complex refractive index of graphene is obtained.
In order to obtain as accurate optical parameters as possible, a substrate fitting error
is included in the minimization (see Sec. 3.4.2). This way, the substrate fitting error
will not be transferred into the error of the optical properties obtained by inversion.

The fitting error function used for minimization is:

N M 2
o= W (;; Verp = Veat = Wsu)” + (Deap = Doat - 5Asub>2>
(4.1)
Here all ellipsometric angles are functions of both the wavelength and the incident
angle (A;,6;). M stands for the number of wavelengths for which measurements
were carried out. N stands for the number of different angles of incidence. P
is the number of fitting parameters. Indices exp and cal stand for experimental
and calculated sample data, respectively. The prefix § and index sub denotes the
substrate fitting correction, as described in Sec. 3.4.2.

Optical properties of graphene obtained by inversion are shown in Fig. 4.3(a),
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and are marked with circles. The complex refractive index of graphene obtained by
inversion was parameterized using the Fano line-shape. This model has only four
fitting parameters and it can describe graphene’s optical conductance with great

precision from the UV to the mid-IR range [65].
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Figure 4.3.: (a) complex refractive index of graphene, obtained by inversion (cir-
cles), parameterized by the Fano profile (solid lines) and extrapolated
Fano model data (dot-dashed lines); (b) simulated absorption of a free-
standing graphene sheet, based on the data from (a). Circles repre-
sent absorption calculated from the refractive index obtained by inver-
sion, while solid line represents extrapolated data based on the Fano
model. Absorption is compared with the results obtained by other
groups [73, 74, 75, 25](dashed and dot-dashed lines). In the data taken
from [25], abbreviations (n) and (i) stand for non-interacting and inter-

acting model, respectively.

The real part of graphene’s optical conductivity (in units of o) is assumed to be
(65, 73, 82] Ro(E) = C(s+q)*/(1+s%). Where s = 2(E — E,) /v, E, is the resonant
(exciton) energy, v represents the damping (reciprocal lifetime), ¢ stands for the
Fano parameter and C' is the scaling constant. The optical conductivity is related
to the dielectric susceptibility by o(E) = eydyx(E)E/ihoy. The imaginary part of
the dielectric susceptibility then is Sx(E) = hooRo(E)/epd,E. Its real part Ry
is evaluated numerically from the Kramers-Kronig relations. MATLAB codes used
for numerical solving of the principal integral within Kramers-Kronig relations are
given in appendices C.4 and C.5. The complex refractive index is then calculated
as the square root of the dielectric constant € = €., + x. The best agreement with
the inversion data is obtained for: FE, = 4.55 eV, v = 0.83 eV, ¢ = —2.70 and

C =17.90. e, was also varied as an independent parameter of the model, however
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good agreement was found for €., = C. Results are shown in Fig. 4.3(a). Here
solid lines represent the Fano model for optical properties of graphene within the
inversion range. Dot-dashed lines represent the extrapolated data to the UV range,
showing the Van Hove singularity. Optical properties of graphene obtained by the
Fano function are returned to the optical model, and fitted ¥ and A spectra are
compared with the measured 1) and A spectra, Fig. 4.2(a) and 4.2(b). The obtained
fitting error is less than one percent for the whole measured range.

Obtained results are compared with other data from the literature [73, 74, 75, 25]
and found to be in very good agreement. Absorbance of a free-standing graphene
sheet is simulated with the obtained optical properties, and compared with other
results in Fig. 4.3(b). Obtained absorption of graphene tends toward wa at higher
wavelengths, while at 360 nm absorption is almost doubled. Using the Fano model
and extrapolating the data into the UV range, the resonant peak in graphene’s
absorption is estimated. The position of the resonant peak, as well as the peak profile
and intensity vary slightly for every sample, most likely due to the unintentional
doping by the substrate or surroundings [109].

ROI measurements were also carried out on a graphene sample on a 300 nm
SiOy layer. Measurements were carried out on single- and bi-layer samples and
on the bare substrate simultaneously. Unfortunately due to the shorter resonance
within the SiOs layer, the Fano parameter extraction was not possible from the data
obtained by inversion. Modeling was done in the same way as for the sample on a 90
nm SiOy layer. The Cauchy water layer thickness was determined for both single-
and bi-layer regions and found to be 8.5 A and 6.3 A, respectively. The thickness of
the bi-layer is considered to be 2d,, due to the weak interaction between layers in
the visible range [60, 73]. Optical properties of graphene are parameterized by the
Fano line-shape shown in Fig. 4.3(a). Optical properties of graphene are expected
to vary slightly for different graphene samples [109], and the fitting error is slightly
higher (2%) than for the sample on the 90 nm SiO, layer. Measured 1) and A spectra
(circles) and the fitted data (solid and dashed lines) are shown in Fig. 4.3(c) and

(d).
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4.2. SNIE mapping of graphene layer and water layer

trapped underneath graphene

This section presents the results of spectroscopic ellipsometry mapping of exfoliated
graphene using SNIE. These results are also given in Ref. [83]. Thickness maps of
the graphene sample were obtained from spatially resolved ¢ and A spectra. The
data showed the presence of a water layer on the surface of the sample, and the
thickness was mapped showing the distribution of water layer trapped underneath
exfoliated graphene in ambient conditions.

Ellipsometric mapping was carried out on exfoliated graphene supported by a
Si0Oy/Si substrate, with 300 nm thick SiOs layer. The measured graphene sample
(see Fig. 4.1(b)) has single-, bi- and few-layer regions. The sample was mapped
with a spatial resolution of 1 yum. The angle of incidence was 60°. ¢ and A maps
were measured at three different wavelengths of 430.0 nm, 470.7 nm and 501.3 nm.
These wavelengths were chosen in the area where the difference between graphene
and substrate measurements is sufficiently large (see Fig. 4.2(c) and (d)), thus
allowing spatial reconstruction of the sample’s thickness. The sample’s 1) and A
maps, measured at 430 nm, are shown in Fig. 4.4(a) and (b), respectively.

Using ellipsometric maps, the thickness of graphene and the Cauchy water layer
were calculated. The optical model was formed in the same way as described in
Section 4.1. Fitting was first done for the substrate, in a few different regions
surrounding the sample. Fitting parameters were the thickness of the SiOy layer
and the angle of incidence #. The SiO, layer thickness was found to be 290.8 nm,
varying by 0.1 nm in the different regions around the graphene flake. Fitting of
the whole map area was done with the graphene layer and water layer thicknesses
as the varying parameters. The same point-by-point inversion process has been
employed here as described in Sec. 3.4.2. This process was repeated for every
point in the ellipsometric map, and substrate correction has not been used. The
optical properties of graphene were described by the Fano model, and were kept
constant during the fitting procedure. Obtained results are shown in Fig. 4.4(c)
and (d), and corresponding thickness cross sections in Fig. 4.4(e) and (f). Here, a
clear difference can be seen between the single-, bi- and few layer graphene regions.
Average thicknesses of single- and bi-layer graphene were found to be 3.25 A and
6.5 A (£0.25A), while their corresponding water layers are 8.5 A and 6.5 A (jzlfol).
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Figure 4.4.: (a) v and (b) A maps of the graphene sample at a fixed wavelength of
430 nm and under 60° incident angle. (c¢) Graphene and (d) water layer
thickness maps calculated from all spectral maps. Numbers 71”7 and
72" indicate cross sections for single- and bi-layer regions, respectively.
(e) Thickness cross section of the single-layer region, and (f) thickness
cross sections of the bi-layer region. Solid line represents graphene layer

thickness, while dashed line represents water layer thickness.

The much larger variation of the water layer thickness is due to surface roughness
of the substrate, since the thickness of the SiO5 layer was kept fixed. In Fig. 4.4(d)
the distribution of the water layer on the sample can be seen.

Furthermore, the layer thickness results obtained from v and A spectral maps
were compared with the AFM data. For this purpose the area with the single-
layer graphene/substrate step is examined. AFM in tapping mode was used (as
described in Sec. 2.2.3). Images obtained by AFM are also dependent on the mate-
rial properties of the tip and the sample. Mainly for this reason, various thicknesses
of graphene have been reported in the literature [1, 64, 223, 224, 225, 226]. The
image of the sample obtained by AFM is shown in Fig. 4.5(a), with corresponding
thickness cross-section underneath. Single-layer graphene/substrate step height was
estimated to be 0.98 nm. AFM data is compared with the layer thickness maps for
the graphene and water layer, as shown in Fig. 4.5(b) and 4.5(c), respectively. The
same region is shown in all the maps.

In Fig. 4.5(a) dirt particles on top of the graphene sample are also visible. These

particles are seen in the obtained thickness maps as well, mainly in the water layer
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Figure 4.5.: The relation between the AFM and imaging ellipsometry of the single-
layer graphene/substrate step. Dashed lines in the maps indicate corre-
sponding cross sections, shown underneath their maps. (a) AFM image
of the sample, graphene/substrate step is estimated to be 0.98 nm. (b)
Calculated water layer thickness map, step height is estimated to be 0.85
nm. (c) calculated graphene thickness map, step height is estimated to
be 0.35 nm.

map Fig. 4.5(b). The number of layers in the optical model was kept fixed for
the layer thickness calculations. In the vicinity of the dirt particles, this model is
incorrect, and particles are seen as increased thickness of the water layer. Also,
the fitting error function was found to be much larger in the vicinity of the dirt
particles. This shows that imaging ellipsometry is a promising tool for detection of

dirt particles or chemical residue on the graphene samples and devices.
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4.3. Influence of transfer residue on optical

properties of CVD graphene

In this section spectroscopic ellipsometry (SE) is employed to examine the effects of
transfer residue and sample annealing on the optical properties of chemical vapor
deposited graphene, transferred onto a sapphire substrate. The optical absorption
of graphene was obtained from point-by-point inversion of spectroscopic ellipsom-
etry measurements in the visible and ultraviolet ranges (250-800 nm). Measured
spectra were analyzed by an optical models based on the Fresnel coefficient equa-
tions. The optical models were supported by correlated Raman, scanning electron
microscopy and atomic force microscopy measurements. The obtained data were
phenomenologically described by a Fano model. The results show that a residue
layer left on graphene can significantly increase its optical absorption in the visible
range, compared to an annealed sample [91].

The samples used in this study were grown on Cu foils and transferred on to
sapphire substrates. Similar results could be expected for the other types of dielec-
tric substrates such as glass, Si/SiOy wafers or polyethylene terephthalate (PET)

substrates.

4.3.1. CVD graphene on sapphire: Sample preparation and

characterization

Graphene samples (obtained from Graphene Supermarket) used in this study (Sec.
4.3) were grown by the chemical vapor deposition (CVD) technique on a 25 pm-
thick copper foil. Single layer graphene was grown on both sides of the copper foil
[184, 242, 243]. Graphene samples were transferred by a wet-transfer technique, as
described in Sec. 2.1.4 and App. B.3. A short overview of the transfer procedure
would be as followed: A 400 nm thick layer of poly(methyl methacrylate) (PMMA),
dissolved in a chlorobenzene solution, was drop-cast onto graphene/copper at 60°C.
The Cu foil was etched in an iron chloride solution. Dried graphene/PMMA samples
were put onto clean sapphire substrates at 90°C, and left to cool down to 60°C.

Before removing the PMMA layer from the structure, an additional PMMA layer
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was drop coated to dissolve precoated PMMA| thus avoiding graphene tearing [195].
Typical sizes of the transferred samples were several square millimeters.

Removing of the PMMA layer was done by immersing the samples in acetone for
one hour. The PMMA was not fully removed and a residue layer was left on the
samples. Some of the samples were further cleaned by annealing for 1 h at 480°C in
a hydrogen and argon mixed environment [196, 244]. Annealing did remove most of
the remaining residue without introducing much tearing to the graphene sheet. The
different amount of transfer residue between unheated and heated samples is shown
in Fig.4.6, imaged by scanning electron microscopy (SEM) and in Fig.4.7, imaged
by atomic force microscopy (AFM).
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Figure 4.6.: (a) and (b) SEM images of the unheated and heated samples, respec-
tively. The areas of the CVD graphene sample shown corresponds to
the position of the ellipsometric spot. Scale bars in (a) and (b) are 20
pum. (c) The edge of the unheated sample, showing transfer residue on
the substrate (left), clean substrate (middle) and transfer residue on the
graphene sample (right). Scale bar in (c) is 10 gm. (d) Raman spectra
of the unheated (left) and heated (right) samples.

In order to investigate the effect of the transfer residue on optical properties of
graphene, two different samples were examined: an unheated sample with trans-

fer residue layer, and a heated sample with significantly less transfer residue. In
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order to construct a valid optical model, additional measurements that corrobo-
rate ellipsometric ones were employed [154]. Samples were characterized by Ra-
man spectroscopy, AFM and SEM. It is worth mentioning that SEM measurements
were performed after all the other experiments, in order to avoid potential elec-
tron beam damage of the samples [245]. SEM measurements were carried out on
a Tescan MIRAS field-emission gun SEM, at 1 kV in high vacuum with no sample
preparation. The room temperature measurements of the Raman spectra of the
CVD graphene samples were obtained using the TriVista 557 (S&I GmbH) triple
spectrometer system in backscattering micro-Raman configuration. The excitation
source was A = 514.5 nm coherent mixed Ar+/Kr+ ion gas laser. The laser power
on the sample was about 1 mW with a 50x microscope objective, which prevent any
sample degradation. Raman spectra confirmed that the samples were single-layer

graphene [203, 206]. Raman spectra are shown in Fig.4.6(d).

0.5

1
x [nm]

Figure 4.7.: (a) and (b) AFM images of unheated and heated samples, respectively.
Areas shown are 5x5 um? step edges between the graphene sample and
sapphire substrate. Scale bars (black lines) are 1 pm. White lines in (a)
and (b) represent step edge profiles shown in (c¢) and (d), respectively.
The height of the step edge for the unheated sample is shown in (c)
and estimated to be 4.55 nm, while the height of the step edge for the

annealed sample is shown in (d) and estimated to be 0.65 nm.

A detailed AFM characterization of the samples was carried out in order to build a

proper optical model for the analysis of ellipsometric spectra. An atomic force micro-
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scope, NTEGRA prima, in the tapping mode was used. Areas of 5x5 um? containing
step edges between the graphene sample and sapphire substrate are shown in Fig.4.7
(a) and (b), for the unheated and heated samples, respectively. Corresponding step
edge cross sections are shown in Fig.4.7 (c) and (d). The step edge of the annealed
sample was found to be 0.65 nm, indicating clean single-layer graphene [1, 223]. The
step edge of the unheated sample was found to be 4.55 nm, indicating a 3.9 nm thick
transfer residue layer. Also shown in Fig.4.7 (b) are small islands of the transfer
residue that remained after the samples were annealed. These islands were found to
be on average 25 nm thick and were estimated to cover 5% of the sample surface.

This kind of residue island was observed only on the annealed samples.

4.3.2. SE measurements of CVD graphene on sapphire

SE measurements of both heated and unheated CVD graphene on sapphire were
performed using SOPRA GES5E-IRSE spectroscopic ellipsometer in a rotating po-
larizer setup (see Sec. 3.1.5). Spectral data were obtained in the UV and visible
ranges from 250 nm to 800 nm, with a 5 nm step. The measured values were
presented as tan(t)) and cos(A).

In order to reduce the spot size on the sample a cropping aperture with 200 pym
diameter was fixed in front of the analyzer, giving a spot size on the sample of less
than 200 x 585 um?. No focusing optics were used, thus ensuring a parallel incident
beam on the sample. Measured areas were chosen to be near the sample center in
order to avoid any larger tears or wrinkles of graphene, which occur near the edge
due to the transfer process. Uniform areas of the samples were significantly larger
than the ellipsometric spot, as was confirmed by optical microscopy and SEM.

The ellipsometric measurements were performed at six different angles of inci-
dence: 40°, 45°, 50°, 55°, 65° and 70°. The chosen incident angles were both below
and above the Brewster angle of the sample, which is near 60°. Measurements closer
to the Brewster angle were not reliable due to a low signal-to-noise ratio. Before
changing the angle of incidence, a pair of graphene sample and reference sapphire
substrate (near the sample) measurements were performed in order to ensure exactly

the same incident angle for both measurements. Measured tan(y) data is shown in
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Figure 4.8.: (a) Measurements and fitted data of tan(¢)) for unheated sample and
substrate at four different angles of incidence below the Brewster angle
of the sample. (b) Measurements and fitted data of tan(¢)) for un-
heated sample and substrate at two different angles of incidence above
the Brewster angle. (c) Measurements and fitted data of tan(¢) for an-
nealed sample and substrate at four different angles of incidence below
the Brewster angle. (d) Measurements and fitted data of tan(z) for an-
nealed sample and substrate at two different angles of incidence above

the Brewster angle.

Fig.4.8. Data for cos(A) are not presented since measured values were close to %1
in the entire spectral range and under all the chosen angles of incidence. The reason
for this is the transparent sapphire substrate. Due to the choice of the substrate, el-
lipsometric measurements were more sensitive to the imaginary part of the dielectric
function.

A comparison of tan(¢) data between unheated and heated graphene sample
measurements and their reference substrates are shown in Fig. 4.9(a) for the incident
angle of 45°. Fitted spectra were obtained from the Fresnel coefficients systems based
on the adequate layer structures consisting of a sapphire substrate, graphene layer
and transfer residue layer. Schematic representations of the optical models used are
shown in Fig. 4.9(b). Data obtained from AFM and Raman measurements was used

to define the thickness of the layers. CVD graphene was modeled as an isotropic
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Figure 4.9.: (a) Compared measurements of tan(t)) for heated and unheated samples
at incident angle of 45°. (b) schematic representation of optical models

used for fitting different measurements shown in (a) and in Fig.4.8.

material [84, 85] with a fixed thickness of 0.335 nm. The thickness of the transfer
residue layer was obtained from AFM measurements and kept fixed at 3.9 nm for the
unheated sample. After annealing, some residue still remained on the sample. The
remaining residue formed 25 nm thick islands, covering 5% of the sample surface
(see Fig. 4.7(b)). This was taken into account with an island-film model [81, 153]

for the transfer residue layer on the annealed graphene sample.

4.3.3. Optical properties of CVD graphene on sapphire:
Influence of transfer residue

As it was discussed in Sec.-s 3.3 and 3.4 corroborated ellipsometric measurements of

sapphire substrates were used to determine optical properties and layer thicknesses

of all the other layers within the optical model except for the graphene layer. Mea-

surements of the annealed substrate (diamond in Fig. 4.8 and Fig. 4.9(a)) were used
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to obtain the dielectric function of the sapphire. Since it is transparent (dielectric)
in the measured range, the imaginary part of its dielectric function was considered
to be zero. The real part of the dielectric function of sapphire was obtained from
point-by-point inversion, and it is shown in Fig. 4.10(a). Optical properties of
the transfer residue were obtained from the measurements of the unheated sapphire
substrate (square in Fig. 4.8 and Fig. 4.9(a)). In Fig. 4.6(c), a SEM image of
the remaining transfer residue on the substrate (left) and on the sample (right) is
shown. In the measured spectra of the unheated substrate’s tan(v), transfer residue
shows a distinct absorption in the UV range while it has no effect in the visible
range, compared to the bare (annealed) sapphire substrate. This can be seen in Fig.

4.9(a) (diamond and square data).
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Figure 4.10.: (a) Real part of the dielectric function of the sapphire substrate ob-
tained by inversion (circles) from heated substrate measurements data
shown in Fig. 4.8. The imaginary part of the dielectric function of
the sapphire substrate was considered to be zero. (b) Transfer residue
layer’s imaginary part of the dielectric function obtained by inversion.
As can be seen in (b) the residue layer is transparent in the visible
range. The real part of the dielectric function is not shown, since mea-
surements were more sensitive to the imaginary part of the dielectric

function.

Optical properties of the transfer residue layer were obtained by inversion. The
imaginary part of the dielectric function of the transfer residue layer is shown in
Fig.4.10(b). The thickness of the residue layer was kept fixed at 3.9 nm during the
inversion. Variations of the residue layer thickness by as much as few nanometers
does not affect the data obtained for the graphene layer. Significant variation of the
graphene inversion data was found only when the thickness of the residue layer was
comparable to the incident wavelength. Such a large variation of the residue layer

thickness from the data obtained by the AFM is not possible, thus the residue layer
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can not contribute to the absorption in the visible range.

With known thicknesses and dielectric functions of all layers within the optical
model except for the graphene layer, a point-by-point inversion was employed to
retrieve its optical properties. Extinction coefficients k& and refractive indices n,
obtained for both unheated and heated samples, are shown in Fig. 4.11(a) and
Fig. 4.11(b), respectively. Obtained inversion data was used to calculate optical
absorption of the graphene sheet, and is shown in Fig. 4.11(c). Heated sample data
is presented by circles, and unheated sample data is presented by triangles. The
difference in the absorption between the samples is caused by the transfer residue
layer, but the absorption does occur within graphene since the absorption of the
residue layer has been accounted for within the optical model. Furthermore, the
residue layer did not introduce any change in the substrate’s tan(¢)) data in the
visible range, but in the case of graphene a significant increase of absorption within
the entire visible range was detected.

Optical properties of graphene obtained by inversion are parameterized using a
Fano model. The same procedure hass been used as described in Sec. 4.1.2. The
best agreement with the inversion data was obtained for the sets of parameters

presented in Table 4.1.

Table 4.1.: Fano parameters: CVD graphene w/wo transfer residue

Fano parameters || sample with residue | annealed sample
E, [eV] 4.62 4.63
v [eV] 2.21 1.65
q -4.90 -4.05
C 5.04-1072 7.02:1072

Results obtained for the annealed sample are in very good agreement with the
results available in the literature [65, 73, 74, 84] for both CVD and exfoliated
graphene. However, results obtained from the sample with significant amount of
transfer residue shows broadening of the absorption peak which increases the opti-
cal absorption of graphene by an average of 30% in the visible range, compared to
the annealed sample. Phenomenologically described by a Fano model, the broad-
ening can be interpreted as an increased damping and asymmetry of the resonant

peak. Interestingly, the position of the resonant peak shows a negligible shift af-
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Figure 4.11.: (a) Extinction coefficients, (b) refractive indices and (c) optical absorp-
tion of CVD graphene, compared for unheated (triangles) and heated
(circles) samples, obtained by inversion. Data were modeled by a Fano
resonant profile for heated (solid line) and unheated (dashed line) sam-
ple. Unheated graphene layer shows increased absorption caused by the

remaining transfer residue.

ter annealing. This indicates that the residue layer does not modulate graphene’s
electrical properties. If graphene was doped, additional carriers would change the
electron-electron and electron-hole interaction balance present in the intrinsic sam-
ples, thus introducing a shift of the resonant peak [43, 89]. The next section will
focus on how an interaction with an underlaying metallic substrate can modify a
balance of electron-electron and electron-hole interaction that is present in a pristine

sample.
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4.4. Influence of gold substrate on optical properties

of graphene

In this section, SE combined with measurements of electrical characteristics and
Kelvin probe force microscopy have been employed to investigate the interaction
between graphene and a gold substrate, and the consequent changes of graphene’s
complex refractive index on gold [92]. A strong blue shift, as much as 350 meV, of
the prominent absorption peak (exciton-shifted M-point Van Hove singularity in the
ultraviolet range) of graphene has been observed, with respect to the peak position
for the sample on an insulating substrate where this peak was observed at about 4.55
eV. The results show that an interaction between graphene and a gold substrate can
be characterized through the change of graphene’s optical properties. In addition,
the effects that a water layer trapped between graphene and gold during the transfer
process has on the charge transfer between graphene and the gold substrate have
been investigated.

Most of the emerging graphene applications require metallic, usually gold contacts.
Changes of the optical properties of graphene on a metallic interface can give insight
into their properties without a need to make external electrical contacts. For the
future in-line and post-fabrication contactless control, it is necessary to know how
the interaction with a metal modifies the optical properties of graphene. Recently,
several types of graphene-based electronic and optoelectronic devices [14] have been
realized by transferring chemical vapor deposited (CVD) graphene onto a prefab-
ricated structure. Furthermore, gold films have been used as substrates for CVD
growth of graphene [246], as well as in novel transfer processes [247]. First princi-
ples [231], electrical transport [232], scanning tunneling spectroscopy [233], angle-
resolved photoemission spectroscopy [234] and Raman spectroscopy [235] studies all
show that graphene on gold is p-doped. The results presented in this section, an in
publication related to the dissertation [92] report on the influence of the interaction
with a gold substrate on the optical properties of graphene.

As it has been discussed in Sec. 1.2, the optical properties of graphene have been
studied in detail in the last several years [51]. Particularly, in the ultraviolet (UV)
range, optical properties of graphene are dominated by the excitonic red-shifted
interband transitions near the M-point in the Brillouin zone of graphene [65, 73, 74],

resulting with a prominent asymmetric absorption peak positioned at about 4.6 eV.
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However, only recently several studies[43, 66, 89, 90, 92, 109] have shown that by
changing the doping level in graphene, a balance between the electron-electron (e-e)
interaction and the electron-hole (e-h) interaction can be modified, which causes the
change of the absorption peak’s shape and position. In the case of graphene doped by
an electric field (through electrochemical gating), as theoretically predicted [109], a
further red shift and broadening of the prominent absorption peak has been observed
[43], indicating a suppression of e-e interaction.

The other way to introduce doping of graphene is through the interaction with
its surroundings. Y.-C. Chang and coworkers [66] investigated how chemical doping
with nitric acid modifies the complex optical conductivity, and found a negligible
shift of the prominent peak. Optical properties of graphene grown on a copper
substrate have been investigated in Refs. [89, 90]. In that case, the interaction with
the substrate mainly suppresses e-h interaction, and the absorption peak was found
to be blue shifted and symmetrical, similar to the expectations of the independent

particle model [25], where the electron-hole interaction has not been accounted for.

4.4.1. CVD graphene on gold: Sample preparation and

characterization

In order to examine how a metallic substrate affects graphene, a single-layer CVD
grown graphene is transferred over a SiO,/Si substrate partly covered by a thin
gold film. This subsection focuses on the details regarding a wet transfer technique,
evaporation of metallic film and characterization of the samples using Raman spec-
troscopy.

Samples of commercially available CVD graphene (Graphenea) were transferred
from copper foils via a wet transfer route, as described in Ref.-s [195, 196, 197] and
in Sec. 2.1.4. To support the graphene film during the transfer, a chlorobenzene
solution of a poly(methyl methacrylate) (PMMA) was drop-casted on graphene/Cu
at a temperature of 60°C, resulting in a 300 nm thick PMMA layer. The Cu foil
was etched in an iron chloride solution (40 mg of FeCl; per 1 ml of deionized water).
The PMMA /graphene stacks were rinsed in deionized water several times to remove

iron residues and left to dry. Subsequently, dried PMMA /graphene stacks were put
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on targeted substrates at 90°C for 5 minutes, and cooled down to 60°C. At this
temperature, a diluted drop of PMMA was drop-casted to dissolve the pre-coated
PMMA layer. Additional PMMA coating helps in avoiding cracks and also results
in better attachment of graphene to the substrate [195]. After cooling down to room
temperature, samples were kept in acetone for 30 minutes to dissolve the PMMA
layer. Afterwards, samples were scooped from acetone and put in acetic acid for 24
hours as described in Ref. [197]. Samples were cleaned in acetic acid several times
and then rinsed in a mixture of methanol and deionized water. A further cleaning
was done in isopropanol and finally in deionized water several times.

For a supporting substrate, an 80 nm thick SiO, layer was grown by dry thermal
oxidation of a silicon wafer, and afterwards partly covered by a thin gold film.
The gold films were evaporated using a "home-built” hot filament system with a
deposition rate of 0.25 nm/s, under 3x107% mbar chamber pressure, resulting in
10-15 nm thick films. The chosen thickness of gold (~12 nm) ensured continuous
and conductive films, but still allowed for graphene to be visible by optical contrast
[61, 233]. After the transfer process no thermal annealing was carried out. This is
very important for the case when graphene is transferred over prefabricated micro-

or nano-structures that can not sustain high temperature annealing.

Sample annealing at temperatures up to 350°C has been investigated as an at-
tempt to remove the water layer from the interface. Annealing was carried out in
argon gas flow (~5 1/min) for 3 hours. These annealing parameters were found as
sufficient to partly remove the water layer [248]. However, annealing was found to
introduce a large number of cracks and defects as previously reported by [198], thus
significantly reducing surface area of graphene. Furthermore, annealing was found to
significantly increase the roughness of the evaporated gold film, causing the increase
of the sheet resistivity of gold film by two orders of magnitude. Optical models
of the annealed samples would have to account for these changes in the structure
by including an island-film model and roughness layers, which would significantly
increase the uncertainty of the obtained optical properties of graphene on gold. For
these reasons thermal annealing has not been carried out. Water layer, trapped be-
tween graphene and a substrate, was found to be stable in ambient conditions and
no changes in the sample structure were observed by any of the techniques employed
in this study.

Raman spectroscopy has been employed to confirm that samples were single layer
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Figure 4.12.: (a) Raman spectra of graphene on Si/SiOs (solid line) and graphene
on gold (dashed line). (b) and (c) enlarged G and 2D modes of (a).
Variations between graphene on Si/SiOs and on gold, are attributed
to the weak p-doping introduced by the gold substrate. The intensities
have been normalized to I = 1 and luminescence for the sample on

gold has been deducted.

graphene with negligible amount of defects and transfer residue. Room temperature
measurements of Raman spectra were obtained using a TriVista 557 (S&I GmbH)
triple spectrometer system in backscattering micro-Raman configuration. The ex-
citation source was a A = 514.5 nm coherent mixed Ar+/Kr+ ion gas laser. The
laser power on the sample was less than 1 mW with a 50x microscope objective.
Low laser power ensured negligible effects of sample heating on the shifts of Raman
modes.

Raman spectra of graphene were measured in the sample area used for SE mea-
surements, both on an SiO5/Si and on gold substrates. Raman spectra were char-
acterized mainly by two modes: G (~1585 cm™') and 2D (~2685 cm™'), and their
relative intensities (Iop/Ig). The lack of the defect (D) mode (~1350 cm™!), sym-
metric shape of the 2D mode and I,p/Ig intensity usually greater than two, all
indicate very clean single layer samples. G' and 2D modes of the measured spec-
tra were fitted with single Lorentzian lines. A pair of Raman measurements for

graphene on SiO,/Si and graphene on gold are shown in Fig. 4.12. The intensities
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have been normalized to Is=1 and luminescence for the sample on gold has been de-
ducted. Both the peak positions and the relative intensities for graphene on SiO5/Si
indicate a weak p-doping of graphene [45, 208], which is most likely caused by the
transfer process [45, 208]. This has been confirmed also by the measurements of
the DC electrical characteristics. For the case of graphene on gold, slightly stronger
p-doping of graphene has been found, as can be seen by the relative change in the
position, width and intensity of both the G and 2D modes, shown in Figs. 4.12(b)
and 4.12(c); however, local variations of the mode’s positions, widths and intensi-
ties were found to be comparable with those introduced by the interaction with the
gold substrate. These were attributed to spatially non-uniform adhesion, resulting
in non-uniform doping by the substrate and non-uniform strain [209, 210, 211]. For
this reason, in the case when graphene is transferred over gold electrodes, Raman
spectroscopy alone can not be used to characterize the interaction between graphene
and the gold substrate. These results are in agreement with the data reported in
Ref.-s [235, 210, 211], where a strain effect played a major role over the charge

transfer in the Raman spectra of gold covered graphene.

4.4.2. Measurements of direct current electrical characteristics

In order to characterize electrical properties of the graphene/gold interface, mea-
surements of direct-current (DC) electrical characteristics were carried out at room
temperature. For this purpose, during the gold film evaporation process a ~20 pm
long and greater than 1 mm wide channel has been made by a shadow mask. In
this manner two gold electrodes were made, source (s) and drain (d). Graphene
was then transferred over the substrate, covering the channel, gold electrodes and
bare SiOy/Si on the other side of the electrode, thus having enough surface area to
carry out both electrical and SE measurements on the same graphene sample. The
results shown in Sec. 2.2.5 in Fig. 2.13. For that particular sample the channel was
17 pm long and 1040 pum wide. Device geometry has been determined by optical
microscopy.

In Sec. 2.2.5, Fig. 2.13(a) and (b) show schematic representations of the electri-

cal measurement setups. Measurements were carried out in low vacuum (8x1073
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mbar), in order to avoid dipolar adsorbates from the ambient environment [237, 236].
Figure 2.13(c) shows the dependence of the total resistivity (R4s) between s and d
electrodes, as a function of a back gate voltage (Vy,). Here, the graphene channel
shows an ”ambipolar” field effect.[1, 211] A charge neutrality point (CNP) was found
to be at 2 (+0.5) V. This indicates that an unbiased graphene channel is slightly
p-doped. These results are in agreement with Raman measurements. To confirm
that the contacts between graphene and the gold electrode are Ohmic, even with
a water layer in between, DC measurements of a current (I;5) as a function of an
applied voltage (V4s) between source and drain electrodes were performed. During
these measurements, Si substrate (back gate) was grounded. The results are shown
in fig. 2.13(d), where a linear dependence of the current over the applied voltage
range confirms Ohmic behavior of the graphene/gold interface. A linear fit of the

Lis(Vas) gives a total device resistivity of 210 Q.

4.4.3. SE measurements of CVD graphene on gold substrate

Optical properties of graphene both on SiO,/Si and on gold substrates were ob-
tained using spectroscopic ellipsometry. SE measurements were performed using a
SOPRA GES5E-IRSE spectroscopic ellipsometer in a rotating polarizer setup (see
Sec. 3.1.5). The spectra were obtained from 1.4 eV to 5.5 eV, with a 0.035 eV
step, and under four different angles of incidence ranging from 55° to 70°. Since the
samples were not uniform over the entire substrate, the position of the ellipsometric
spot on the sample was controlled by a CCD camera with a 40x magnification ob-
jective, placed away from the optical path of the ellipsometer. This allowed for the
ellipsometric spot to be placed over the uniform area of the sample with negligible
amount of cracks and folds in the graphene layer as well as negligible amount of
transfer residue. For SE measurements, no focusing optics were used, thus ensuring
a parallel incident beam on the sample. In order to reduce the spot size on the
sample a cropping aperture with 200 ym diameter was fixed in front of the analyzer.
The spot size on the sample was estimated by the knife-edge technique, and found
to be less than 350x 1000 pm?.

The measured tan(¢) and cos(A) spectra were analyzed by optical models based
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Figure 4.13.: (a) and (b) schematic representations of the optical models used to in-
terpret ellipsometric measurements of graphene on SiO,/Si and on gold
substrates, respectively. (a) and (b) also show p- and s-polarization of
the light. (c) to (f) measured (circles) and fitted (solid lines) tan(v))
and cos(A). Measurements were performed under four different angles
of incidence, from 55° to 70°. The fitted data uses refractive indices of

graphene modeled by a Fano resonant profile.

on the Fresnel equations [153], as described in Sec. 3.2. In order to build accu-
rate models, corroborated AFM and Raman measurements were employed [154].
Raman spectroscopy was used to confirm that samples were single-layer graphene
with negligible amount of defects and transfer residue [206, 203]. AFM was used
to determine the thickness of the evaporated gold film (~12 nm) and the height of
graphene (~1.4 nm) on both substrates. Since graphene thickness was fixed in the
optical model (0.335 nm) the AFM height indicated a water layer trapped between
graphene and the substrate of about 1 nm. Presence of a water layer has been previ-
ously measured by ellipsometry for exfoliated graphene [74, 83], and was detected in
the ellipsometric spectra for both graphene on SiO5/Si and on gold substrates. This
water layer was expected since no thermal annealing was done after the transfer
process. It was accounted for in the optical model by a Cauchy water and air mix-
ture layer, with parameters taken from Ref. [74] and its thickness varied by about
10% from the AFM measured data in order to ensure better fitting to the measured

SE data. Schematic representation of the optical models are shown in Fig. 4.13(a)
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and 4.13(b), for graphene on SiO2/Si and on gold substrates, respectively. The
measured (circles) and the fitted (solid lines) SE data are shown in Fig. 4.13(c) to
4.13(f), for four different angles of incidence (55°, 60°, 65° and 70°). The fitted data
uses refractive indices of graphene modeled by a Fano resonant profile. Measure-
ments at angles of incidence above 70° were not possible, since clear sample areas
would be smaller than the size of the SE spot. On the other hand, measurements
at angles below 55° would be less reliable, since the difference in tan(t) and cos(A)
between the graphene layer on the substrate and the bare substrate decreases with
the decrease of an incident angle. Surface roughness layers were not used within the
optical model. The roughness of each surface (graphene, gold, SiOy) was measured
by AFM as a root mean square of a 2x2 m? area. Addition of the roughness layers
in the optical model was found to cause a negligible change in the retrieved optical
properties of graphene. This was examined even with higher roughness layers (~1

nm) than those suggested by the AFM (less than 0.5 nm).
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Figure 4.14.: (a) and (b) compared tan(¢)) and cos(A) of graphene on SiO4/Si (solid
lines) and bare SiO,/Si substrate (dashed lines). (¢) and (d) compared

tan(y) and cos(A) of graphene on Au/SiO,/Si (solid lines) and bare
Au/SiO,/Si (dashed lines).

The differences between the samples and their corresponding substrate measure-
ments for both graphene on SiO5/Si and on gold substrates, are shown in Fig. 4.14,

for a fixed angle of incidence (65°). These differences are caused both by graphene
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and the water layer, and they determine the reliability of the extracted optical pa-
rameters of graphene [62, 83] (see also Sec. 3.4.3). A larger difference between
spectra of the sample and the corresponding substrate indicates more reliable mea-
surements. In the case of an SiO5/Si substrate, the change in polarization caused
by the SiO, layer has a series of constructive and destructive resonances. These
resonances occur when the phase shift of a secondary beam becomes exactly a half
integer of the wavelength [153].

The maximum in tan(y) appears for destructive interference of s-polarization. In
a relatively large spectral range around these resonances, the system is very sensitive
to any thin layer on top of it. Furthermore, by changing the angle of incidence the
path of light within the SiO, layer is changed. As a consequence the wavelength that
satisfies the condition for the destructive interference of s-polarization within the
Si0O, is changed. This results with a changed sensitivity of the measurements within
the different parts of the spectra. When a gold film is added it changes the conditions
required for the destructive interference of s-polarization within the SiO, layer. As
a consequence, the difference between the measurements of a graphene sample on an
Au/SiO,/Si and its corresponding substrate measurements is smaller compared with
the spectra of the sample on SiO4/Si. For this reason, obtained optical properties
of graphene on gold are less reliable, especially in the ranges below 2 eV and above
5 eV, where the difference between the sample and the substrate measurements is
mainly governed by the water layer.

Graphene transferred onto the substrate covered only a part of it, thus leav-
ing both bare SiO5/Si and Au/SiO2/Si areas on the same sample. This allowed
for substrate measurements to be taken very near (about 1 mm) to their corre-
sponding sample measurements. At a given angle of incidence, a set of four subse-
quent measurements was performed: SiO/Si, Au/SiO4/Si, graphene/SiO2/Si and
graphene/Au/Si0O,/Si, thus ensuring exactly the same angle of incidence for all four
structures. SiO,/Si substrate measurements were used to determine the exact an-
gle of incidence, and the exact thickness of the SiO, layer (83.4 nm). Au/SiO4/Si
substrate measurements were used to obtain the exact complex refractive index of
the evaporated gold film. This was done through point-by-point inversion. The
thickness of the gold layer was kept fixed at 12.1 nm during the inversion.
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4.4.4. Optical properties of CVD graphene on gold

Once all the parameters of the optical model were known, the complex refractive

indices of graphene on both substrates were obtained using point-by-point inversion

(see Fig. 4.15(a) and 4.15(b), respectively). Graphene was modeled as an isotropic

material [74] with a fixed thickness of 0.335 nm. During the inversion process the

difference between the measured and fitted SE spectra is minimized by varying the

complex refractive index of graphene. This means that any instrumental errors or

any discrepancies introduced by improper optical models will be transferred into an

error of the obtained optical properties of graphene. To minimize this, a substrate

fitting error is included in the minimization, by using the fitting error function as
described in Sec. 3.4.2 and in Ref. [83].
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(a) and (b) refractive indices (circles) and extinction coefficients (di-

amonds) of graphene on Si/SiO, and on gold, respectively. The data

was obtained through point-by-point inversion and parameterized by

a Fano model (solid and dashed lines). (c) the calculated absorption

of a graphene layer using the data from (a) and (b). A blue shift (350

meV) of the prominent absorption peak was observed. Dot-dashed

curve in (c) represents the absorption function of exfoliated graphene

taken from Ref. [74], while the dotted line represents ma = 2.3%.
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Table 4.2.: Fano parameters: CVD graphene w/wo gold interlayer

parameters || graphene/Si0,/Si | graphene/Au
E, [eV] 4.54 4.89
v [eV] 0.51 0.47
q -2.73 -2.93
C 0.15 0.14

The complex refractive indices obtained by inversion were parameterized by a
Fano resonant model, as described in Ref.-s [82, 83, 91] and in Sec. 4.1.2. This
model consists of only four fitting parameters: the resonant (exciton) energy E,,
the damping ~y, the Fano (asymmetry) parameter ¢, and the scaling constant C.
The best agreement with the inversion data was obtained for the sets of parameters
presented in Table 4.2. €., was also varied and found to be 8(£0.05) in both cases.
The Fano resonant profile shows good agreement with the data obtained by inversion,
except for the refractive indices (n) in the range 3-4.5 eV. This discrepancy with a
Fano model could be attributed to the effects of grain boundaries of CVD graphene
[89, 90]. The Kramers-Kronig consistency of the data obtained by the point by point
analysis has been checked [249] (also see App. C.5). Complex refractive indices were
found to be Kramers-Kronig consistent even in the part of the spectra where the
discrepancy with the Fano profile exists [92].

The results obtained for the samples on an SiO,/Si substrate (Fig. 4.15(a)) are in
good agreement with the results reported for both exfoliated [74, 75, 83] and CVD
[84, 91] graphene on various insulating substrates. The comparison between the ab-
sorption functions obtained in this study and those of exfoliated graphene [74] are
presented in Fig. 4.15 (c¢). The prominent peak of graphene on SiO,/Si was found
to be sharper and red shifted by 50 meV. These differences could be attributed to
the effects of grain boundaries of CVD graphene and the different amount of unin-
tentional doping. Furthermore, the complex refractive index of graphene presented
in Fig. 4.15(a) is in an excellent agreement with the results reported for graphene
by M. Bruna and S. Borini [241] in the visible range (1.5-3 eV). For the samples
on gold (Fig. 4.15(b)), a prominent absorption peak was found to be blue shifted
by about 350 meV (Fig.4.15 (c)). These results are in good agreement with the
data reported for CVD graphene grown on copper [89, 90]. Compared with those

172



4. SPECTROSCOPIC ELLIPSOMETRY OF GRAPHENE

results, a similar blue shift of the resonant peak was found in this study. However,
the profile of the resonant peak was found to be asymmetrical in this study. The
differences are attributed to the fact that graphene transferred on gold still has a
water layer trapped in between, which is not the case for graphene grown on copper.
The shift of the prominent absorption peak was attributed to the screening of e-h

interactions in graphene on a gold substrate [89].

4.4.5. KPFM analysis of graphene/gold interface

To corroborate ellipsometric measurements, and to determine the type and estimate
the amount of doping in graphene on a gold substrate, AFM and KPFM have been
used. Measurements were performed using an NTEGRA Prima scanning probe mi-
croscope, with conductive TiN coated tips (NT-MDT NSGO01). KPFM was done
using the two-pass technique, as described in Sec. 2.2.4. In the first pass, a topo-
graphic line was measured in the tapping mode. In the second pass, the tip was lifted
by 30 nm and moved across the surface following the topographic profile, obtained
from the first scan. During the second pass, a combination of an AC and DC voltage
was applied between the tip and the grounded silicon substrate. The frequency of
the AC voltage was matched to the resonant frequency of the cantilever. The DC
component was then adjusted to cancel an electrostatic force between the tip and
the sample, resulting with a zero amplitude of the cantilever oscillations (near its
resonant frequency). This procedure was repeated for every point of a selected area
of the sample. Resulting KPFM maps show the applied DC component, i.e. the
contact potential difference (CPD) between the sample and the AFM tip.

Figures 4.16(a) to 4.16(d) show an optical microscope image, AFM topography,
AFM phase and KPFM maps, respectively. The maps show an area of the sample
where the edge of graphene overlaps the edge of the evaporated gold film. Phase
contrast (Fig. 4.16(c)) was the same in both forward and backward scan directions,
confirming that it does correspond to a material contrast. A histogram of a KPFM
map is shown in Fig. 4.16(e). Here, three peaks are clearly distinguishable. These
peaks are fitted with single Gaussian lines, and their positions indicate a CPD of
the three different surfaces. A CPD is defined as: e:CPD = Wy, - Wgmpie, where
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e denotes an elementary charge, Wy;,, and W, denote the work functions of the

tip and the sample, respectively.
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Figure 4.16.: (a) to (d) optical microscope image, AFM topography, AFM phase and
KPFM maps, respectively. Each image shows the same 50 x 50 pm?
area of the sample (10 pum scale bar). An edge of the graphene sample
overlapping an edge of the evaporated gold film are seen on each image,
and denoted in (d). (e) a histogram of (d), with three distinguished
peaks corresponding to the surface potential of the different structures

shown in (d).

The CPD peak of SiO4/Si was not resolved due to the zone bending in the area of
Si04/Si, which is a consequence of the electric field gradient between gold /graphene
electrodes and the silicon substrate. For the sample presented in Fig. 4.16, the
relative CPD between graphene on SiO,/Si and graphene on gold was found to be
30(£5) mV, while the relative CPD between graphene on gold and a clear gold
film was found to be 65(£5) mV. Variations of the relative CPD between different
samples were found to be much larger (20 mV), than on the same sample (5
mV). These were attributed to the different adhesion between graphene and the
substrate, and are a consequence of the transfer procedure.

Having a clearly resolved CPD peak for graphene on gold shows that graphene
interacts with the underlying gold substrate. The shift of the CPD peak for graphene
on gold, compared to the graphene on SiO,/Si (Fig. 4.16(e)) shows weak p-doping
introduced by the gold substrate. Furthermore, it indicates the shift of the Fermi
level greater than 50(£20) meV. This shift could not be caused by the water layer
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since this layer was present in between both graphene on gold and graphene on
SiO9/Si. However, to exactly determine the Fermi level shift between graphene
on gold and graphene on SiO4/Si from the CPD peak shift, two main effects need
to be considered. First, an unscreened electric field from the gold electrode that
lies underneath graphene needs to be accounted for. Second, one would need to
include a convolution of the entire system consisting of a cantilever, a tip and most
importantly an inhomogeneous sample underneath the cantilever.

The shift of the Fermi level is several times lower compared with theoretical pre-
dictions [231]. This could be explained as a consequence of the water layer trapped
between graphene and gold, which increases their separation. The separation was
found to be about three times larger than the theoretically predicted equilibrium
separation [231], resulting in the reduction of a charge transfer between the graphene
and gold electrode, and consequently reducing the shift of the Fermi level in graphene

on gold.
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In conclusion, the dissertation and publications directly related to it [82, 83, 91, 92,
156] address a problem of retrieving optical properties of graphene in the visible and
UV ranges using ellipsometry, and how changes in these properties could be related
to various issues in fabrication, transfer and interaction with a substrate. Besides an
importance in fundamental understanding of optical properties of graphene, these
results could be implemented as a quality control in various graphene fabrication
processes. Optical properties of graphene were obtained using spectroscopic ellip-
sometry and null spectroscopic imaging ellipsometry techniques. The chosen spectral
range is the most common probing range in an in-line environment. The data in-
terpretation process was optimized for the case of a atomically thin layer on various
substrates (thin SiOs films, transparent and metallic substrates), and an importance
of using corroborated measurements for building up an appropriate optical models
has been shown. A function for parametrization of graphene’s complex refractive
index is proposed, and is based on a Fano resonant profile [82, 83]. Values of the
model parameters can be easily related to the properties of the M-point exciton
that causes the red shift of the prominent absorption peak in the UV. Ellipsometric
mapping was also employed to resolve spatial distribution of a water layer trapped
between graphene and a substrate [83].

Furthermore, specific potential applications for using ellipsometry as a quality
control tool in graphene technology have been addressed within the dissertation.
Namely, the influence of the transfer residue on the optical properties in the case
when graphene is transferred over a transparent substrate is addressed [91]. This
is very interesting both from the measurement, and from the transfer technology
points of view. Measurements of mono-atomic layers, and thin (few nanometers)
transparent residue layers on transparent substrates are rather difficult, since almost
negligible phase shift occurs due to the lack of multiple reflections. From the side
of the graphene transfer technology, this is the case of an interest for transparent

conductive electrodes. As an example in the case of the flexible OLEDs, graphene
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needs to be transferred several times on a transparent substrate. For this technology
it is necessary to have a reliable tool that can quickly check if no residue is remaining
after each graphene layer has been transferred. This is quite difficult since even few
nanometers of the transparent residue layer (placed on a transparent substrate) can
affect the electrical contacts between two graphene sheets and significantly increase
sheet resistance. As it is shown within the dissertation, ellipsometry is a suitable
tool for fast and non-destructive in-situ control of the transfer process [91].

The influence of the metallic substrate interaction on the optical properties of
graphene was also discussed within the dissertation (and within Ref. [92]). This is
interesting both from the fundamental aspect, and for the potential application of
ellipsometry as a quality control tool in graphene technology. It has been shown that
through the change in the optical properties of graphene it is possible to examine
many body interaction between the excitonic state and the states near the Fermi
level, which is shifted by the interaction with the underlaying metallic substrate.
It was found that in this case an electron-hole interaction of the M-point exciton
is suppressed by several hundred meV-s, and a strong blue shift (350 meV) of the
prominent absorption peak of graphene on gold has been observed. Furthermore,
it was confirmed that a charge transfer between graphene and the gold substrate is
possible even with a water layer trapped in between, and that these contacts are
Ohmic. It was shown that graphene on gold is p-doped, and that a relative shift of
the Fermi level in graphene caused by the charge transfer between graphene and the
gold substrate is several times lower lower than theoretically predicted. The effect of
the reduced charge transfer between graphene and the gold substrate was attributed
to a larger than equilibrium separation caused by the trapped water layer. From
the quality control point of view, this is important since it demonstrates how a
contactless technique can be used to confirm the contact quality between graphene
and an external metallic electrode.

An ellipsometric data interpretation process based on a point-by-point inver-
sion has been used in the dissertation. This process was optimized for the case
of graphene. The same process should be followed as a good practice guide for
the interpretation of ellipsometric measurements of other atomically thin layers, as

MoS,, WS,, WSe,; and many other emerging 2D materials.
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A. Derivations

A.1. Tight binding

This section of the appendix contains detailed derivations of the nearest neighbor
hopping hamiltonian components H 4 B(E) and Hp A(E), and the detailed derivation of
the dispersion relation. These derivations are related to a tight binding hamiltonian
and a derivation of graphene’s dispersion relation, presented in Sec. 1.1.2.

Hamiltonian H AB(E) addresses nearest neighbor hopping from B site to three
neighboring A sites: A, A" and A”.

Starting from equation:

Hoap(F) = / (7 — ) Hbw(F — ) dr = tap - cxp(iF(Ta — 75)), (A1)
and considering only nearest neighbors, results with:
Hip(®) =tag > exp (z(k‘x + k) (P — FAi)). (A.2)
A=A, A A

Next, it is required to use appropriate coordinates for the atomic sites. Until
this point tight binding hamiltonian was restricted only to a case with two atoms
per unit cell, each with a single overlapping orbital. By defining the exact atomic
positions, symmetry of a hexagonal structure is added to the equation. If the center
of a (#,y) coordinating system is placed at the site A (as show ni in Fig A.1)), then
all atomic site coordinates required within Eq. A.2 are: A = (0,0), B = (\%,O),

a3 a

A= (%=,9),and A" = (%3, —%). By replacing those coordinates and preforming

the summation Eq. A.2 gives:

Hap(F) = tap- [ei(kx:&—l-kyg)%i+ei(km§:+kyg})(%f—%‘"’A—%g)_i_ei(kwﬁ:-&-kyg)(%ﬁ}—“}/gaﬁ—i—%@)}7
(A.3)
HAB(E) =tap- [62(1%75) + ei(%_kzgﬁ_ki;> + ei(%_kzgﬁJrkL;)}v (A.4)
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A. Derivations

A’(af a5 2)

B”(a a3 _a A”(a‘f a

2072

Figure A.1.: A (white) and B (yellow) atomic sites and nearest neighbor sites. Each
atomic site coordinate is also marked. Here a stands for a length of a

unit vector, and relates to carbon-carbon distance as: a = agv/3

— -kra kga za kya ’Lm _kga kya
Hup(k) =tap [6173 4B e R i | R i ], (A.5)
7 ikza _;kzav3 ,ikJ lkJ
Hap(R) = tape' vs [1+e o G S )] (A.6)
- jEza . kzaV3 k,
Hap(k) =tape V5 [1—|—e i COSTG]. (A7)

Analogue summation needs to be done for Hp A(/Z), which accounts for nearest

neighbor hopping from A site to three neighboring B, B’ and B” sites, where B’ =

(% —22,9) and B" = (% — 242, —%), resulting with:
= ~ikse Likeav3  kya
Hpa(k) =tpae 1+e™ 2 COST]. (A.8)
By returning Eq.-s A.7 and A.8 into 1.13, Eq. 1.18 is obtained:
o 0 t*e(im> (1 + 26( 3 ksa) cos kga) 0 h
h(k) = (—ikao ) % =
te (1 + 2e(+58%hea) ¢ y“) 0 ho 0
(A.9)

The eigenvalues are:

E(k) — i%t* o+ 5Bha) (-

ié/ﬁkaga) . <1 + 26<_¥kza) CoS %) . (1 + 26(“!‘#]61(1) coS %>’
(A.10)
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A. Derivations

i k. i k.
E(k) = it\/<1 + 2e(=15%ksa) cog %CL) : (1 + 2e(+15%hea) cog %) (A.11)

For simplicity following replacements are made: %gkma = ¢ and cosk”T‘l = C,

resulting with:

BE(k) = it\/(l +2e-i . O) (1 + 2etio . O), (A.12)
— £t/ 14261 - C + 26710 . C + deide—i¢ . C2, (A.13)
= +t\/1 +4C2 4+ 20 (e + %), (A.14)

— +t1/1 4 4C? 4 2C cos ¢. (A.15)

Finally, by exchanging back from ¢ and C into lg, the dispersion relation of

graphene is obtained:

k k 3k,
E(k) :j:t\/1+4cosz%a+2cos%a-cos \/_2 ‘. (A.16)
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A. Derivations

A.2. The Dirac equation

In a classical energy-momentum equation E = p?/2m corresponding wave equation
has a well known form: h2

—zh—w =5 V. (A.17)

The Dirac equation essentially answers the question: What would be the corre-

sponding wave equation for the relativistic energy-momentum relation E? = m?2c* +

p?c®? The problem here is, if E = —ih2 and p = iAV, then how to write a square

root of a differential equation? A sunple solution proposed by Dirac was to write a

matrix [24][18]:
mc?l  cop
(ret o) o
cop —mcl

This is essentially a 4 x 4 matrix, since & represents Pauli spin matrices, so op
has to be a 2 x 2 matrix. [ represents a 2 X 2 unit matrix. Now, if this matrix is

multiplied by itself:

2 - = 2 — —
mc I cop mc’l  cop

o ) o \ :(m204 +p262)
cop —mc 1l cop —mcl

In a sense Dirac’s result is like a square root of the operator. Now, a wave equation

. (A.19)

S = O O
- o O O

0
1
0
0

o o O =

that corresponds with the relativistic energy-momentum relation can be written as:

— —

cop  —mctl

mc?l  cop
—Zﬁat {v} = ( ) {v}. (A.20)

Since carrier motion in graphene is limited to two dimensions, let us rewrite Eq.

A.20 considering that p"has only two components p, and p,:

mc? 0 0 c(ps — ipy)
0 2 e 1 0
—ind () = e ) (v (A21)
ot 0 c(py — ipy) —mc? 0
c(ps +ipy) 0 0 —mc?

If m =0 Eq. A.21 becomes the same as graphene’s wave equation (Eq. 1.30).
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A.3. Saddle points in 2D: M point logarithmic van
Hove singularity

This section of appendix presents derivations for the Taylor expansion coefficients,
as described in Sec. 1.1.4. The sign of these coefficients determines the type of
the singularity [22][23]. Here, the Taylor coefficients for graphenc’s E, (k) — E, (k)
function are calculated in the vicinity of the M point in Brillouin zone. Starting

from Eq. 77:

0? k,a? k,a V3k,a
2a; = 2t — 1+ 4cos —— +2cos—2 . . A.22
a; = 2t R {\/ + 4 cos 5 + 2cos 5 oS } ( )
First we consider k, second derivate, as:
2 -
201 = — | 2|E(k)| |. A2
= | 218 (A.23)

Considering that at M point k, = 0, and by substituting = (v/3k,a)/2, the

dispersion relation in z direction near M point could be written as:

E, =+tv/5+2cosx. (A.24)

Now first partial derivate with respect to z of Ey(k) — E,(k) is:

2t
%|2Ex\ = E(5+2cosx)_%2(—sinx). (A.25)

Second partial derivate is then:

0? 1 BT _1

@BEI] =2t [— B (b+2cosx) 22sin“z + (5+2cosz) 2(—cosz)|. (A.26)
Considering the vicinity of the M point, where k, = (27)/(v/3a) and z = 7, Eq.

A.26 gives:
sin® 7 Cos
=2t — — . A.27
M | (5 + 2cos )/ (5+QCOS7T)1/2] ( )

When returned back from x to k., and considering only the M point vicinity,

82
el

gives:
0? - 2t
x M

Considering that the nearest neighbor hopping parameter ¢ has to be positive,

then a; constant of the Taylor expansion has to be also positive: a; =t/ V3.
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Figure A.2.: E.(k)— E,(k) near M point, and Taylor expansion using: E(ky) = 2t,

a; = t/\/g and ay = —5t/\/§

Now it remains for the similar procedure to be repeated in k, direction. Starting

from the k, second derivate of E.(k) — E,(k), as:
82
2ay = 8k2 {QIE( )| ] (A.29)

Again considering only its value near the M point. For simplicity, &, is substituted

as y = kya/2 and k, = k,,,27/v/3a, we can write:

—-1/2

0 _
— =2t|(l +4cos”y —2cosy siny — +4cos”"y — 2cosy Sin 2y | .
a2Ey21422 2 i 2(1 + 4cos’y — 2 in 2
)
(A.30)
Then the second derivate with the respect to y is:
2 i 2siny — 4sin2
8—2\2Ey\ :2t{— siny  (2siny — 4sin 2y) —_—
dy 2 (1+4cos?y —2cosy)
cosy
(1+4cos?y — 2cosy)?
2siny — 4sin 2
— 2sin2y (2siny — 4sin 2y) o
(1+4cos?y —2cosy)”
4 cos 2
oLy (A.31)

(1+4cos?y — 2cosy)/?]

Luckily, Eq. A.31 significantly simplifies when y = 0 (M point condition), giving:

2 10t
%|2Ey| =2[—37Y2 —4.3717) = 1y, (A.32)

v V3
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A. Derivations

Now, sincet > 0 then the second coefficient of the Taylor expansion has to be
negative: ay = —5t/+/3.

The result of the calculation of Taylor expansion coefficients gives us a; > 0
and ay < 0, meaning that the M point singularity is so called M1 type, or a 2D
saddle point singularity, or logarithmic singularity. Interestingly this indicates that
for the M point interband transition energies, JDOS function has a logarithmic
discontinuity, theoretically giving an infinite number of states that could contribute
to the interbant absorption of a photon with an energy that corresponds to the
interband transition at M point, i.e. hw = 2t.

Taylor expansion of E.(k) — E,(k) around M point is shown in Fig. A.2 and could

be written as:

2t 27

E(R) = Bul) 2t + (ke =

P E (k). (A.33)
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A.4. Fermi golden rule derivation of the interband
optical conductivity of graphene in the linear

dispersion relation approximation

This section of Appendix A presents a derivation of the real part of graphene’s
optical conductivity, considering only interband component and a linear dispersion
relation approximation. The derivation uses Fermi golden rule [22], and is based on
Ref. [250] and supplementary data from Ref. [60].

As it was shown in sections 1.2.1 and 1.2.3, for incident photon energies greater
than twice the Fermi energy (2EF) and lower than about 3 eV (linear JDOS region)
absorption function of graphene does not depend neither on the photon energy nor
on the material properties, and is equal to: ma ~ 2,3%. Expressed as the real part
of graphene’s optical conductivity, it gives universal optical conductivity:

62

== (A.34)

0o

Analytical derivation of graphene’s optical conductivity is possible only within
the linear approximation of the dispersion relation, and beyond linear regime an
ab — initio methods are needed [25]. Let us start from the Hamiltonian, as given in
Eq. 1.29 and derived in Sec. 1.1.2:

Hlm = Upgﬁ. <A35)

Here p'stands for the momentum operator and & represents Pauli matrices in two
dimensions. The Hamiltonian is written for the states around K point in Brillouin
zone, while for the state around K’ the change o, — —o, should be made. As it
will be shown, the results obtained in this section are degenerate, when considering

K and K’ valleys. Expanded as a 2x2 matrix, Eq. A.35 gives:

0 e — 1
Hypn = vr . (Pz — ipy) ] . (A.36)
(P + Zpy) 0
Eigenvectors of the wave equation Hy;,1)(7) = Et(F) are:
~ ik [ o-is(k)/2 N
wm(k) = m ei¢(E)/2 ) ( '37>

and
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(k) = (A.38)

V20 _ei¢(E)/2

Here - and + signs in the denominators denote electron and hole wavefunctions

oikF [ o=t (k) /2 ]

(i.e. conduction and valence bands), respectively. The corresponding eigenvalues
are:

In Eq.-s A.37-A.39, a transformation from a cartesian to a cylindrical coordinate

system has been carried out, similarly as in Sec. 1.1.3, where:

—

k=k <COS¢(E)92’ + smqb(E);&) : (A.40)
Here qﬁ(l;) represents the angle between p and , as:
o(k) = arctan(k,/k,) . (A.41)

As described in Sec. 1.2.1, the electromagnetic field of a plane wave can be

described by the magnetic vector potential:

AP t) = (A + Ayj) cos(GF — wt) . (A.42)

In order to simplify the derivation, let us assume that  component of the magnetic

vector potential is parallel to graphene plane, while the y component is perpendicu-

lar. In this case, ¥ component can be neglected since the perpendicular component
can not affect electrons in graphene. Then Eq. A.42 becomes:

—

A(rt) = Agcos(qr — wt)z = Aycos(wt) . (A.43)

Here it has been assumed that ¢'= 0, which has been justified in Sec. 1.1.3.
The interaction of the electromagnetic wave with electrons in graphene is described

by Landau-Peierls substitution of p with p'— q/T in the Hamiltonian, giving:
H = vpé(p— qA) = vpdp — qupd A= H® + H' . (A.44)
Here H' = qu p&ff is treated as a perturbation. ¢ denotes the charge for electrons
or holes, as ¢ = *e.
According to Fermi golden rule, the transition rate 1/7 from a state in valence
band v to a state in conduction band c is related to the light absorbtion of the

material, and can be calculated as:
L 27

— = ||} 8(E = B, — hw). (A.45)
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IN order to solve Eq. A.45, let us first evaluate the following matrix element:

Mo E9) = [ dr, (7) H v, 7). (A.16)

By returning Eq.-s A.37, A.38 into Eq. A.46, gives:

. o—iki [ o—is(E)/2 f N ik [ emis(E)/2
M., (k&) = [ dF o (- quriA) ) AAT
(k) V20 | el ©wrdA) 75 | _pye | - AT
By using Eq. A.43, the perturbation Hamiltonian H’ can be expressed as:
, - 01
H' = —qupd A = —qup Lo A, cos(wt) . (A.48)

Now, the matrix element can be written as:

L. —ig/2
M, (R = _ qurAgcos(wt) [ 62 gmid)? } [ 01 ] [ e |
2 10 —e'¢/2

/ A7 i(f-r)r
Q
(A.49)

Let us evaluate the matrices in front of the integral separately by using basic

matrix operations and Euler’s formula, as:

ip/2 _ ig/2
|: €i¢/2 6_7:‘15/2 :| O 1 € = |: €i¢/2 e_i¢/2 :| € =
10 —ei#/? e~i9/2

, , —e'/2 , ‘
= [ e/ =it/ } [ I —e" + 7" = —i2sing. (A.50)
e 3

Furthermore, the integral in Eq. A.49 can be simply reduced to:
d']? ilh—E )7
[E o gy (A51)

By returning Eq.-s A.50 and A.51 into Eq. A.49, gives the solution for the matrix
element M., (kk'):

M., (KK') = iqup A, cos (wt) sin ¢(k) 0z (A.52)
In order to calculate the transition rate (Eq. A.45), let us find |M,,|?:
| M| = ¢*v3A2 cos? (wt) sin? ¢(k) . (A.53)
Finally, let us carry out a time averaging, as:

(| My |?), = €202 A2 (cos? (wt)), sin® p(k) = 2 sinp(k). (A.54)
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A. Derivations

Here, a substitution of ¢ = fe has been made, since ¢ = e2.
Considering Eq. A.54 and relation E. — E, = 2|F|, the transition rate between

conduction and valence band for a given k can be written as:

1 21 vt A2, - -
5 = ————sin"¢(k) 6(2|E(k)| — hw) . A55
= sintolR) B~ ) (A55)

In order to find the rate at which the entire system of electrons absorb light, Eq.
A.55 needs to be summed over the entire k space, in order to include all of the

electrons in graphene, giving:

Q - 1
= 2 E =22 — | dk — . A .56
Ttot 2K - Teo (K 2K 42 Teo (k) ( )

Here 2, and 2 stand for spin and K valley degeneracies, respectively. Substitu-

tion of Eq. A.55 into Eq. A.56, gives:

1 Q -9 2 2A2 . .
— =22 dk%% sin2o(k) 6(2| E(K)| — hw) . (A.57)

After averaging over an angle ¢(E), and rearranging the elements, Eq. A.57
becomes: ) 1
1 me?vt A Q - -
= ——22.2 dkd(2|E(k)| — hw) . A58
= TR g [ ARSI - (A59)

Here, an integral is the same as an integral of JDOS which has been derived in

Sec. 1.1.3. The only difference is the area of integration, which can be accounted

for by a simple change of A. — 2. Now the former part of Eq. A.58 is:

Q - - Q
2,2 dk6(2|E (k)| — hw) = hw) = —5—hw. A.
wgor [ WRSCAED)] — 1) = prfhis) = oo (A5
By returning Eq. A.59 into Eq. A.58, results with a solution for the total transi-
tion rate: ) o -
L:ﬂe v Az Qf;w :eAwa' (A.60)
Ttot 2h 47TUF h2 8h2

The rate at which the light is absorbed per unit area of graphene is:

1 1 e A%W?
v Q Ttot 8h

(A.61)

On the other hand, the light absorption rate can be expressed by using the real
part of optical conductivity as:

w? A2
5

w = (o|B#t)]?) = 0 (A.62)

212



A. Derivations

From Eq.-s A.61 and A.62, the real part of optical conductivity can be straight-

forwardly obtained, as:
w2 A2 e A2W?
2 8

g

(A.63)

62

e 4—h =
thus finally showing that the real part of graphene’s optical conductivity is not

g

ao, (A64)

dependent on neither the light wavelength, nor the material properties, and is defined
only by fundamental constants. This result is used in Sec. 1.2.1 as a low energy

limit for estimating graphene’s absorption beyond the linear regime.
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This appendix presents technical details related to various synthesis techniques that

have been used in the dissertation.

B.1. Substrate preparation

Substrate preparation is one of the most crucial steps for the deposition of atomically
thin films. In most cases graphene and other atomically thin fils do not chemically
bond to a supporting substrate, and are merely held on by Van der Waals’ (VAW)
forces. Any microscopic dirt, chemical residue, or high enough surface roughness
(with root mean square over 0.4 nm per 2 x 2 ym?) will reduce VAW force and
deposition of graphene will not be possible over such substrates.

Having a systematic way of substrate preparation is therefore very important for
successful and controllable deposition of graphene. This section of the appendix B
gives details on several substrate preparation procedures that have been used in the
dissertation. There are many other ways, as chemical cleaning with ”piranha” or
plasma cleaning. These techniques, as well as the ones shown here, are commonly
used in Si-based industry, nanotechnology, and surface science. There are other
ways to prepare a substrate, as spin coating a polymer layer, or exposure to HMDS
to create highly hydrophobic surface [236].

Several substrate preparation methods are presented in tables B.1-B.4. Usually a
combination of two or more techniques is used. As an example, let us go through a
cleaning process for SiO, /Si substrates, a similar process should be followed for other
substrates that can sustain high temperatures and exposure to ozone. A mechanical
cleaning should be carried out first (Tab. B.1), followed by thermal annealing (Tab.
B.3). A substrate should be inspected by an optical microscope in dark field for
any residue or dirt. If there are any substrate contaminations, a chemical cleaning
(Tab. B.2) followed again by thermal annealing (Tab. B.3) should be carried out.

A final step should be plasma or ozone cleaning (Tab. B.4), to remove any organic
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residue. Furthermore, in the case of a glass substrate (glass, quartz, SiO./Si, etc.)
ozone cleaning will further break any silanol bonds (Si-OH) that are formed on
the surface due to water contamination. As a result a substrate should be highly
hydrophilic. It is worth mentioning that these broken Si-OH bonds will reform in
ambient conditions in the matter of several minutes and graphene deposition should

follow immediately after ozone cleaning.

Table B.1.: Mechanical cleaning

e Removing visible dirt and residue with g-tips, either dry or soaked

with acetone; best use gq-tips specialized for cleaning optical
components, as Edmund optics #56-924
e (Cleaning the substrate surface with nitto tape (ELP BT150ECM)

e (Cleaning with an air or argon gun. Gas flow should be 15 - 30 1/min

with a nozzle diameter od ~1 mm

Table B.2.: Chemical cleaning

e Sonication in acetone for 5 - 10 minutes

e Repeated sonication in acetone for 5 - 10 minutes; use fresh acetone

e Sonication in isopropyl alcohol for 5 - 10 minutes
e Dry quickly with an air gun, preferably using argon gas. Gas flow

should be over 15 1/min with a nozzle diameter od ~1 mm

Table B.3.: Thermal annealing

e Heating for about 30 minutes, at temperatures between 200 °C and 250

°C. Suitable for Si0,/Si, quartz, sapphire and similar substrates.
If substrates have thin metallic films, or organic layers, or
predefine micro- or nano-structures, such high temperature could
cause substrate degradation

e (Quick cooldown; Substrates should be cooled to room temperature
quickly, e.g. by removing them from the heater and placing them

onto a metallic surface (at room temperature)
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Table B.4.: Ozone cleaning - Using Novascan UVS8 system

Exposure to ozone (UV light) for time duration of 5 - 10 minutes, at
temperature between 100 °C and 200 °C

Ozone incubation period (lamp off) for 5 - 10 minutes, at temperature
between 25 °C and 60 °C

Ozone purge (evacuation system on) for 5 - 10 minutes, at temperature
between 25 °C and 60 °C

After ozone cleaner chamber is opened, substrates should be used in
next several minutes (up to 15 minutes), or the entire ozone cleaning

procedure should be repeated
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B.2. Micromechanical exfoliation

A principal of a micromechanical exfoliation process has been explained in Sec. 2.1.2,
here we will present detailed procedure of a two-step process, consisting of chemical
and mechanical exfoliation steps. Besides this process, there are other exfoliation
processes, as one-step mechanical exfoliation, however a two-step process has been
found to result with very large samples and yield of of about 50 % (with samples
greater than 5 x 5 ym?). Furthermore, a two-step process described here minimizes
any sample contamination, since graphene layer comes in contact only with a clean
substrate, other layers in graphite and ambient environment. The sample itself is
never exposed to any kind of chemicals, tape or tape residue, however surrounding
substrate will have both chemical and tape residue.

The process used in the dissertation was also used for exfoliation of other VAW
materials (as hBN and MICA). The process consists of tape preparation (Tab. B.5),
chemical or first exfoliation (Tab. B.6), and mechanical or second exfoliation (Tab.
B.7), and should be followed in that order.

Table B.5.: Tape preparation

e a small flake (less than 10 mm in diameter) of Kish graphite
(preferably: NGS Naturgraphit GmbH) is placed between two pieces
of a sticky tape (preferably: NITTO ELP BT150ECM tape)

e Two pieces of tapes are peeled off, exfoliating a graphite flake in
two (one piece on each side of the tape)

e The process is repeated several times; usually between 5-30 times
depending on the thickness of the starting flake

e Once graphite flakes on the tape are thin enough (less than 100 nm)
the tape is prepared; Usually there should be several regions that
are semi transparent and non transparent regions should be thin

enough (their thickness should not be visible by the naked eye)
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Table B.6.: 1*" exfoliation (chemical)

Prepared tape (Tab. B.5) should be gently placed over a clean
substrate (App. B.1); there should be no air bubbles left, and the
tape should not be stretched nor strained

Excess tape (the part not supported by the substrate) should be cut
away, to about 1 mm from the substrate edge

The sample with the tape on is then placed in Methyl-isobutyl

ketone (MIBK), and kept at about 40°C until the tape comes off; this
commonly lasts from 30 minutes to 3 hours, for a substrate size of 1

2 - chemical exfoliation

X 1 cm
If the tape falls off to quickly, either graphite on the tape was

too thick, or there were trapped air bubbles between the tape and the
substrate, or the substrate was contaminated

After the tape falls off, samples should be rinsed in acetone,
followed by iso-propyl alcohol, and quickly dried with an air gun

As a result of a first exfoliation, the surface of the substrate
should be covered with large (about 1 mm in diameter) graphite flakes

that are not thicker than several hundred nanometers; no graphene

should be obtained in this step
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Table B.7.: 2" exfoliation (mechanical)

A starting sample is the result of the 1% exfoliation (Tab. B.6)

e Samples should be slowly (~5 minutes) heated from room temperature
(RT) to 150°C, kept at elevated temperature for about 30 minutes and
slowly cooled down back to RT; to enhance the contact between flakes
and substrate

e After cooled down to RT, samples should be covered with another tape
(NITTO ELP BT150ECM), again with no air bubbles nor strain

e The tape should be pulled off - mechanical exfoliation

e The rate of the pulling will determine the amount of graphite and
graphene that remains on the sample surface, sower pulling (about
1 mm per minute) will result with larger flakes but also with more
graphite

e The resulting sample should be inspected under optical microscope,
where potential atomically thin flakes should be located

e If there is no graphene samples on a substrate and there is still

significant amount of graphite, second exfoliation can be repeated,

even several times if needed

B.3. Wet transfer

This section of Appendix B focuses on a wet transfer technique. This technique
is commonly used to transfer CVD graphene from a metallic substrate where it
was grown to a final (usually dielectric) substrate. A discussion on various transfer
techniques is presented in Sec. 2.1.4, here we will focus on a wet transfer of a single-
layer CVD graphene grown on a copper foil. This procedure was used for sample
preparation in the dissertation and the details regarding the procedure are shown
in Tab. B.8-B.10.
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Table B.8.: Wet transfer - etching

Staring sample is CVD grown graphene on a 25 um thick copper foil;
only one side is covered with graphene sample. Graphene is removed
from the other is removed either by pealing or etching (best after
the top side is protected by PMMA)

graphene/Cu sample is covered by a thin layer of PMMA, about 400 nm
is sufficient for supporting graphene

PMMA (long chains) is dissolved in pure chlorobenzene (or chloroform,
or anisol) with about 1:10 ratio, afterwards a PMMA:chlorobenzene
solution is either spin coated (4000 rpm, 60 s), or drop-casted to
form a thin layer. In a case of drop casting, the sample is heated
to about 60°C.

The Cu foil is etched in an iron chloride solution (40 mg of FeClj
per 1 ml of deionized water); the sample is left to float on the
surface; etching lasts for about 30 minutes; Etching is finished
after the sample becomes transparent, then sample (PMMA/graphene) is

picked up by tweezers
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Table B.9.: Wet transfer - transfer onto a targeted substrate

The PMMA/graphene sample is rinsed in deionized water several times
to remove iron residues and left to dry

dried PMMA/graphene stacks are put on targeted substrates at 90°C,
and kept at that temperature for 5 minutes; afterwards cooled down to
60°C

at 60°C a diluted drop of PMMA:chlorobenzene (1:100) is drop-casted
to dissolve the pre-coated PMMA layer [195]

Table B.10.: Wet transfer - removing of PMMA layer

After cooling down to room temperature, samples were kept in acetone
for 30 minutes to dissolve the PMMA layer

To remove the remaining residue without annealing, the samples are
put in pure acetic acid for 24 hours [197]

Afterwards, the samples are cleaned in acetic acid (fresh) several
times and then rinsed in a mixture of methanol and deionized water
The final cleaning step is done in isopropanol and deionized water
several times, followed by quick drying by an air gun (preferably Ar
gas)

An alternative to the acetic acid cleaning is annealing at a
temperature between 250°C and 450°C in a formic gas (Hy:Ar) for 30
minutes to 3 hours. This approach introduces defects and cracks, but

is very effective in residue removal [198]

B.4. UV photolithography

This section of Appendix B describes a particular UV photolithography process used
in the dissertation to fabricate metallic (gold and titanium) contacts on graphene
samples. As a result, a back-gate field effect transistors with graphene as a channel

are made. More details on field effect in graphene are given in Sec. 1.1.5, while
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several lithography approaches are discussed in Sec. 2.1.5 and finally results from a
direct current electrical measurements of graphene based FET-s are shown in Sec.-s
2.2.5 and 4.4.2.

A particular process described here is a positive mask lithography process with
"stripping” of the access metallic film. Using this technique a device geometries
with lateral resolution of 1 ym and gold film thickness of 15 nm to 25 nm are made.
No adhesion layers are used in order to prevent formation of Schottky barriers on
graphene/electrode contacts. The details are given in Tab.-s B.11-B.14, and the

procedure needs to be followed in the given order.

Table B.11.: Spin coating

A starting sample is graphene (exfoliated, CVD or any other) placed

on a Si0,/Si substrate that serves also as a back gate.

e First a layer of photoresist (MicroChemicals AZ 1505 Photoresist) is
spin coated on the substrate

e The sample is placed on a chuck of a spin coater and covered with
several drops of the resist; the entire surface of the substrate
needs to be covered

e Before spin coating, the resist should be kept on the sample for
about 30 seconds, allowing for any microscopic structures to be
uniformly filled and to enhance adhesion between the sample surface
and the resist

e Spin coating is carried out at 4000 rpm for 60 seconds, resulting
with bout 505 nm thick film

e The sample with the resist on needs to dry for 1-5 minutes at about
80°C

e Access residue from the bottom side should be removed with acetone
soaked qg-tip

e Finally, prior to exposure any significantly higher edges (on the top

side) of spin coated film need to be removed with a dry gq-tip, this

will allow for a full contact between the mask and the sample
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Table B.12.: Mask aligning, exposure and developing

Pattern exposure is carried out on a Karl Suss MJB3 mask aligner

the sample covered with a photoresist is placed in a direct contact
with a desired pattern on a mask

UV light exposure (250-300 nm) lasts 4,5 second

Afterwards, the pattern in the photoresist layer is placed in an
adequate developer (MicroChemicals AZ 726 MIF Developer) and held
for 3 to 6 seconds; longer development will create wider pads and
shorter channel; shorter time than 3 seconds will not fully develop
the pattern, while longer than 6 seconds will expand the pattern for
more than 2 um in lateral direction

The development is stopped by quickly transferring the sample into
deionized water

Afterwards sample is rinsed in deionized water (fresh) and quickly
dried with an air gun

The sample is then left to dry for 1-5 minutes at about 80°C

Finally the structure is inspected under an optical microscope. If
the mask is not aligned properly, or is over or under developed,

or there is a significant amount of drying residue within the pad
area, then the resist layer can be removed in acetone and the entire

process can be repeated
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Table B.13.: Gold film evaporation - using a "home built” PVD system

e A starting sample for this step is developed photoresist/graphene/Si0,/Si
stack, or any other sample that requires a thin metallic film
deposition

e The sample is placed in a vacuum chamber, directly over a tungsten
wire. In between the sample and the source (tungsten wire) is a
shutter, that allows control over exposure time

e (On the tungsten wire a small strip of desired material is placed,
usually gold

e The chamber is evacuated to about 5 x 107° mbar. High vacuum is
needed to prevent tungsten oxidation and to reduce the amount of
contamination in the metallic film

e By applying a DC current through the tungsten wire, a metal strip
is melted (for the case of a 500 yum diameter and 100 mm length of
tungsten wire, the current required to melt gold is between 20 A and
23 A)

e After the temperature is stabilized (less than one minute), the
shutter is opened for the desired ammount of time, exposing the
sample surface to metal vapor. The deposition rate of the instrument
used in the dissertation was 0.25 nm/s, for current of 22 A and
chamber pressure of 3x107 ¢ mbar.

e After the deposition the entire sample surface is covered by a thin

metallic film
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Table B.14.: stripping and final cleaning

The sample covered with a developed mask and a metallic film is
placed in acetone and sonicated for several seconds. This process
removes the access film (parts that lie on top of the resist) and the
resist layer, leaving only the part of the metallic film that is in
the direct contact with the substrate

Afterwards, rinsing is done in acetone, followed by iso-propyl
alcohol (IPA)

Finally, IPA is quickly dried by an air gun, preferably using argon
gas flow of 15 1/min with a nozzle diameter od ~1 mm

Obtained device is ready to be contacted by external leads, either

using a wafer bonder or silver epoxy
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C. MATLAB codes

This appendix presents most relevant MATLAB codes that have been used in the dis-
sertation in order to interpret ellipsometric data, parameterize graphene’s complex
refractive index using Fano resonant model, check for Kramers-Kronig consistency
of the obtained data and to calculate graphene’s joint density of states function.
Some of the codes are given as functions, that can be readily used, while others are

an examples that could be used as a starting point for a particular problem.

C.1. JDOS calculation

This appendix gives MATLAB codes that have been used in Sec. 1.2 to numeri-
cally calculate joint density of states (JDOS) of graphene. A starting point is an
analytically defined dispersion relation, obtained using a tight binding method and
considering only nearest neighbor hopping (see Sec. 1.1). Code given here is quite
general and can be used to calculate JDOS or density of states if a dispersion relation

(or its approximation) can be written analytically.

% hopping eEnergy t

t = 2.575;%<Yang2009 [eV] %RPM2009 2.8eV
% The energy range ( the x-axis )
maxE = 6%*t;

% The energy resolution
deltakE = le—-3;% (units of t)
% energy matrix:

Energy = —maxE:deltaFE:maxE;

[

% energy matrix size, used for histogram
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dimE = size (Energy,2);

% The JDOS ( the y—-axis ) set to zero

JDOS = zeros ( size (Energy ) );

% The k-point sampling density (RESOLUTION)

keps = 1E-4; $<<<<KKllllilis<

% Number o f sampled points ( to be incremented )
n = 0;%initialization of the histogram counter
d = 3.34;%thickness of graphene [A]

a0 = 1.42x(37.5);%[A] unit translation vector length

a = 3%a0/2; b = (37(.5))*a0/2;

% Loop over the k-point grid

IBZ.part = 12;%integration over the part of the Brillouin zone
% 2x[for] loops go through the irreducible part of the IBZ

for kx=keps:keps:2xpi/ ((37.5)*a0)

for ky=keps:keps:kx/(37.5)

% The double energy at this point (Ec-Ev)

E = 2xt* ((1+4x (cos (bxky)) "2+4* (cos (bxky) ) *x (cos (a*kx))) ~.5);

%$ This line finds the energy bin in the Energy array

i = floor ((E/maxE+1)/2xdimE) +1;

% Increment the bin associated with this energy

JDOS (1) =JDOS (i) +IBZ part; %adds IBZ_part-s to the given point in histogram
% Increment the point count

n=n+IBZ_part; $tracks number of points added

end %Sky

end %kx

% Divide by the the total number o f points sampled

JDOS=JDOS./n ;

% Linear JDOS, as a comparison
lin_rho_coef = ( (370.5) )/ (2xpi*((t)"2) );
E_lin = 0O:deltakE:3;

JDOS_1in = lin_rho_coef.xE_lin;
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C.2. Optical models based on Fresnel equations

This appendix gives MATLAB code that has been used to calculate reflection and

transmission coefficients of a N layer model using Fresnel equations. Depending

on how a variable E_eV has been given (an array or a constant) the function can

calculate Fresnel coefficients at a single wavelength or as a spectra.

o\

Slabs_eV function

o\

calculates reflection and transmission coefficients for N layer system.

o\

Refractive index is given as n—-ik and light wavelength is given in eV-s.

o\

Since number of layers can vary, N and d are given as matrices,

o\

each row corresponds to one layer,

o\

thickness of the first layer should be set as 0

function [Rr,Rs,Tr,Ts]=Slabs_eV (No.of_layers,inc_angle,N,d, E_eV)
n=No_of_layers;

fi=zeros(n,length (N(1,:)));

fi(l, :)=inc_angle;

Const = 5.0672%(1076) ;% (e/ (cxh bar))

if n~=length(N(:,1))

error ('"Error: More (less) layers than given refractive indices')
elseif n~=(length(d)+1)

error ('Error: Layer thickness not defined properly')

end

rp=zeros (n-1,length(N(1, :)));
rs=zeros(n-1,length(N(1,:)));
tp=zeros (n-1,length(N(1,:)));
ts=zeros (n-1,length(N(1,:)));
beta=zeros (n-1,length(N(1,:)));

for i=2:n

fi(i,:)=asin(N(1l,:).*xsin(fi(1,:))./N(i,:));

rp(i-1,:)=(N(i,:) .*xcos(fi(i-1,:))-
N(i-1,:).xcos(fi(i,:))) ./ (N(i,:).*cos(fi(i-1,:))+N(i-1,:).*cos(fi(i,:)));
rs(i-1,:)=(N(i-1,:).*cos(fi(i-1,:)) -
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N(i,:).*xcos(fi(i,:)))./(N(i-1,:).*xcos(fi(i-1,:))+N(i,:).xcos(fi(i,:)));
tp(i-1,:)=(2+%N(i-1,:) .*cos(fi(i-1,:))) ./
(N(di,:).*xcos(fi(i-1,:))+N(i-1,:) .xcos(fi(di,:)));
ts(i-1,:)=(2*N(i-1,:).*cos(fi(i-1,:)))./

(N(i-1,:) .%cos(fi(i-1,:))+N(i,:) .xcos(fi(i,:)));
beta(i-1,:)=(d(1i-1) .*N(i-1,:) .+cos(fi(i-1,:))) .+E_eV.xkonstanta;
end

i=n-1;

rtp=(rp(i-1, :)+rp (i, :) .*exp(-2.x1i.+beta(i, :))) ./
(1 + rp(i-1,:).%x rp(i,:).*exp(-2.+x1li.xbeta(i, :)));
rts=(rs(i-1, :)+rs(i, :).*xexp(-2.x1li. beta(i, :)))./
(1 + rs(i-1,:).% rs(i,:).*exp(-2.+x1li.xbeta(i,:)));
ttp=(tp(i-1,:) .xtp (i, :) .xexp(-1li.*xbeta(i, :))) ./

(1 + rp(i-1,:).x rp(i,:).rexp(-2.x1li.+xbeta(i,:)));
tts=(ts(i-1,:).*ts(i,:).rexp(-1li.*beta(i,:)))./

(1 + rs(i-1,:).% rs(i,:).+exp(-2.+x1li.xbeta(i,:)));
if n>3

i=n-3;

while i~=0

rtp=(rp(i, :)+rtp.+exp(-2.+1i.xbeta(i+l,:))) ./

(1 + rp(i,:).» rtp.xexp(-2.*x1li.xbeta(i+l,:)));
rts=(rs (i, :)+rts.rexp(-2.x1i.+beta(i+l,:))) ./

(1 + rs(i,:).* rts.xexp(-2.*1i.xbeta(i+l,:)));
ttp=(tp (i, :) .*ttp.*exp(-1i.+beta (i+l,:))) ./

(1 + rp(i,:).» rtp.xexp(-2.*x1li.xbeta(i+l,:)));
tts=(ts(i,:).*tts.xexp(-1i.+beta(i+l,:))) ./

(1 + rs(i,:).» rts.*xexp(-2.*x1li.xbeta(i+l,:)));
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C.3. Point-by-point inversion

This appendix gives an example of a MATLAB code used for a point-by-point in-
version. This is not a function, but rather a part of the code that demonstrates how
three nested 'while’ loops can be used for minimization process. This particular ex-
ample assumes that a set of measured data has been loaded 'Tit1_GS_70_tanPsi_exp’
and 'Tit1_GS_70_cosDel_exp’. Furthermore, a substrate error correction, obtained
from a set of substrate measurements and a similar minimization code is also used:
'Tit1_S_70_tanPsi_del’ and 'Tit1_S_70_cosDel_del’. Multiple measurements, taken
under different angles of incidence could be added within the loop, as well as within
the minimization function. Also considered as loaded, or known are spectral range

'E_eV_exp’ and properly interpolated complex refractive indices of all the layers

within an optical model. In this case an optical model is: void(ambient)/graphene/SiO,/Si

and a function given in App. C.2 has been used to calculate Fresnel coefficients.

Incident angle considered in this example is "AOI7T0 = 70’ or 70°.
% alloc for fitting results

N_graphene_spectra = 0.xE_eV_exp;

sigma_sqg_spectra = 0.xE_eV_exp;

% initialisation of counters

counts = 40; 5<<<<I<I<CCCCLCLILCLCLCLLL resolution

% range for n

nmin = 0.1;

nmax = 7.0;

% range for k

komin = 0.1;

kmax = 7.0;

Sresolution....... ... ...

don = ( nmax - n.min ) /counts;

dk = ( kmax - k.min ) /counts;

$strat point from 1lst loop

n.0 = E_.eV_exp.x0;

k.0 = E_.eV_exp.x*0;
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i_E_crop_-lower = 00;

i_E_crop-upper = 00;

loop_-time = nan;

iE = iE_crop_-lower;

while i.E < max(size(E_eV_exp))-1i_-E_crop-upper%loop trough all wavelenghts
iE=31FE + 1; S

in = 0;

min_sigma_sg = 15000000; $minimal error (intialization)

while in < counts; %inverson nk loops

ik = 0; in = in+l;

while i_k <= counts;

ik = ik+1;

$~~1in the LOOp ~~~~~~~~~mmmcsssscm s

n =no0(iE) + nmin + (in -1)=*d.n;

k = kO0O(iE) + kmin + (ik -1)=xd.k;

N_graphene_curr = n - 1lixk; Scurrent N of graphene

% optical models for sample measurements:

$G on Si @ 70deg
[r.0123p70 ,r.0123s70 ,~,~] = Slabs_eV( 4,

AOI70%pi/180, [N.void (i_E) ;N_graphene_curr;N_Si02 (i_E);

N_Si (i E)], [0,d.graphene,d.Si02g],E_eV_exp (i.E));

Tit1_.GS_70_tanPsi_fit = abs( r_.0123p70./r_0123s70 );

Titl GS_.70_tanPsi_del = (Titl_GS_70_tanPsi_exp(i-E) - Titl_GS_70_tanPsi_fit);
Tit1_GS_70_cosDel_fit = cos( angle(r_.0123p70./r_0123s70) );

Tit1_GS_70_cosDel_del

(Tit1.GS_70_cosDel exp(i.E) — Titl1l GS_70_cosDel_fit);

ssgexp = 2.0;%sigma square exponent

ssgqrt 0.5;%sigma square root

sigma.sqg = (l.x( 0 +

1.0.%abs (100.% (Titl_GS_70_tanPsi.del - Titl.S_70_tanPsi_del(i.E) )). ssgexp +
1.0.%abs (100.% (Tit1_GS_-70_cosDel_del - Titl_S_70_cosDel_del (i-E) )). ssgexp +

0 )). ssqgqgrt;

if sigma-sq < min_sigma_sg %$Searches for the best

min_sigma.sq = sigma.sqg; %$fiting parameters
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min.n = nj;
mink = k;
end;

%~~~end of loop
end;

end;

N_graphene_spectra (i E) =
sigma_sqg_spectra (i_E) =

end;

min.n -

li*min_k;

sigma_sq;

C.4. Fano model for graphene

A MATLAB function given in this appendix has been used in the dissertation to
calculate a complex refractive index using a Fano resonant profile. Input values are
a wavelength (or a spectral range if given as a matrix) E_eV, and four parameters
(constant values, or 1x1 matrices) of a Fano model. Note that light wavelength
should be given in energy units (eV). The function returns real and the imaginary
part of the refractive index, as a function of E_eV. The code uses Hilbert transforma-

tion to calculate real part of the dielectric susceptibility, i.e. uses Kramers-Kronig

relations.

function [n, k]

o

o\

Fano model for graphenes né&k

o\

= Fano_model eV (E_eV,Eo0,gama,q,C)

(four fitting parameters)

o\

o\

o\

o

inuts: E_eV
Eo [eV]
gama [eV]

g (nn)

[eV]

<—- resonant energy
<- broadening

<- Fano parameter

<- interps results to given energy domain
(discrete Lorentzian state)
(of discrete Lorentzian state)

(coupling with continuum)
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% C (nn) <- Global scaling factor

o

o\

eps-inf might be added as 5th fitting parameter.

o\

o\

susceptibility FANO model based around:

o\

"Excitonic Fano Resonance in Free-Standing Graphene"

o

by: Dong—Hun Chae

o\

o\

hi Im(E) ~A(E)/E <- whole model is based on this assumption

o

o\
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

o

constants... =============================================
d_graphene = 0.335%x(107-9);% (nm) graphene layer

eps.0 = 8.8542% (107-12) ;% (F/m) vacuum permittivity

c.0 = 299792458;% (m/s) vacuum speed of light

e_charge = 1.602x(107-19);%(C) electron charge

Planck._.cte = 6.626*(107-34);% (Js)

sigma_.0 = (pix(e_charge”2))/ (2«Planck_cte);

$ parameters... ===================== N S ——
eps._inf = 1;

% energy domains... ============================================x==
E = linspace(0.1,12,1000);%domain befor Hilbert space (biggest)

hw = linspace (sgrt(.8),sgrt (11),1000); %$domain for Hilbert space

Z hw. 2;%$Hilbert space domain

w = linspace(1.22,6,300);%final energy domain (hopefully fitts lambda_mum)

w_domain_size = size (w);

w_domain_size = max (w_domain_size);

s.E = (2/gama) .« ( E - Eo );

hiim = (C./E).x( ( (s.E + g)."2)./( 1 + sE."2 ) );
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imag_eps_z_plane interpl (E,hi_im, z);%interp to hilbert space

real_eps_z_plane = —-imag(hilbert (imag_-eps_-z_plane)) + eps_inf.*C;%<- KKr
imag_eps = interpl (z, imag.eps_z_plane,w);

real_eps = interpl(z,real_eps-z_plane,w);

eps = real_eps + 1li.ximag_eps;

N = sqgrt (eps);
N_graphene = interpl(w,N,E_eV);
% outputs: ==============================================

n = real (N_.graphene);%<- n

o~
I

imag (N_graphene); $<- k

C.5. Checking for Kramers-Kronig consistency

This appendix gives a MATLAB function that has been taken from [249]. The
function calculates real part of the dielectric susceptibility from the given imaginary
part using Kramers-Kronig relations. This code has been used in the dissertation
to check for Kramers-Kronig consistency of the data obtained using point-by-point
inversion, since the results obtained in that manner have no reason to be Kramers-

Kronig consistent.

function rechi=kkrebook2 (omega, imchi, alpha)
if size(omega,l)>size (omega,?2);
omega=omega';

end; if size(imchi, 1) >size (imchi, 2);
imchi=imchi';

end;

g=size (omega, 2);

rechi=zeros(size (imchi)) ;

a=zeros (size (imchi));
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b=zeros (size (imchi));

deltaomega=omega (2) —omega (1) ;

j=1; betal=0;

for k=2:9;

b (1l)=betal+imchi (k) *omega (k) ~ (2+xalpha+l) / (omega (k) “2-omega (1) "2) ;
betal=b(1l); end;

rechi (1)=2/pi+deltaomegax*b (1) xomega (1) " (-2+alpha);

J=q;

alphal=0;

for k=1:g-1;

a (g)=alphal+imchi (k) romega (k) " (2xalpha+1l) / (omega (k) "2-omega (g) "2) ;
alphal=a(qg);

end;

rechi (g)=2/pirdeltaomegaxa (g) romega (g) " (-2*alpha) ;

for j=2:9-1;

alphal=0; betal=0;

for k=1:3-1;
a(j)=alphal+imchi (k) romega (k) ~ (2+xalpha+l) / (omega (k) "2—-omega (j) "2) ;
alphal=a(j);

end;

for k=j+l:g9;

b (j)=betal+imchi (k) xromega (k) " (2+xalpha+l) / (omega (k) “2-omega (J) "2) ;
betal=b (j);

end;

rechi (j)=2/pirdeltaomegax (a(j)+b(j))romega (j) " (-2+alpha);

end;
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Mpwunor 1.

N3jaBa o0 ayTopcTBY
[MoTnucanm -a MaTkoBuh AnekcHgap
6poj ynuca D-34/2010

M3jaBrbyjem
[la je [OKTOPCKa AncepTaLmja nog HacloBOM

NCNUTUBAHE OMTUYKNX OCOBUHA TPAGEHA

NOMOTRY CMEKTPOCKOMNCKE ENVMCOMETPWJIE

X pe3ynTaTt CONCTBEHOI NCTPa*KMBavKor pafa ,

X panpepnoxeHa gncepTa LUMjay LeNMHW HW Y AenOBrMa HUje 6una npeanoxeHa
3a pobumjarbe 6uNo Koje AuNAomMe npema CTYAUjCKMM Mporpamuma Apyrmx
BUCOKOLLKOJICKMX YCTaHOBa ,

X pacy pe3ynTtaTti KOPEKTHO HaBeAEeHW 1

X pa HuMcam Kpwwno/na ayTopcka npaBa U KOPUCTMO WHTENeKTyanHy CBOjUHY
APYrux nuy a.

[MoTnuc gokTopaHga

ﬂuﬂwzj /Mumém

Y beorpagy, __ 23.04.2015.
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Mpwnor 2.

/3jaBa O MCTOBETHOCTU  LUTAMMAHE U efIeKTPOHCKe
BEpP3Mje AOKTOPCKOr paja

Vime 1 npesnme aytopa Anekcangap Matkosuh
bpoj ynuca D-34/2010
Cryamjckm nporpam _ _Qu3unka KoHeH30BaHe MaTepuje U cTaTucTnyka dusmka

HacnoB paga _ UcnutrBakwe onTnYKKMX 0cobrHa rpadeHa

nomohy cneKkTPOCKOMNCKe ennncomeTpuje

MeHTOp ap Papow lajuh
MNoTtnucaHu Anekcangap MaTtkosuh
u3jaB/byjeM [a je WTamnaHa Bep3uja MOr JOKTOPCKOr paja NCTOBETHA efIeKTPOHCKO]

Bep3Mju Kojy cam npepao/na 3a ob6jaB/buBakbe Ha no  prtany  OdurutanHor
penosutopujyma YHuBep3uteTa y beorpagy

Jlo3Bo/baBam fa ce 0b6jaBe MOju NMYHM MofauM Be3aHM 3a J00Wjarbe akafgemMcKor
3Bahba JOKTOPA HayKa, Kao LUTO Cy UMe U Npe3rme, FognHa 1 Mmecto poherba 1 gaTym
oab6paHe paaa.

OB/ NUYHU nopaun Mory ce 06jaBuTh Ha MPEXHUM CTpaHULama AuruTanHe
6r6NMNOTEKE , Y ENEKTPOHCKOM KaTanory ny nybnukauujama YHusep3uteta y beorpagy.

MNMoTnuc pokTopaHaa

Y Beorpany, 23.04.2015. ﬂa ﬂwz‘f / Wm AAV
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Mpwnor 3.

N3jaBa o Kopuwhemy

Osnawhyjem YHuBep3utetcky 6ubnuoteky ,CBeto3ap MapkoBuh” pa y OurutanHu
peno3ntopnjym YHuBep3uT eta y beorpagy yHece mojy OOKTOPCKY Auceptauujy nog
HaC/I0BOM :

NCMNNTUBAHE OMTUYKNX OCOBUHA TPAGEHA

NOMOTRY CNEKTPOCKONCKE ENNMCOMETPWJE

KOja je Moje ayTOpCKO ferno.

OucepTauunjy ca CBUM Npuio3vmMa Nnpeaao  /na camy efeKTpoHCKoM ¢po  pmaTy MorogHoM
3a TPajHO apXuBMpatbe.

Mojy poKTOpCKy ancepTauunjy noxparbeHy y [urntanHm penosntopujym YHueep3suteTta
y Beorpapy mory fia Kopucte CBY Koju NoLuTyjy oapenbe cagpxaHe y ogabpaHom Tuny
nuueHue KpeatusHe 3ajegHuue (- Creative Commons) 3a kojy cam ce o anyumo /na.

@AyTOpCTBO

2. AyTOpCTBO - HeKoMepLnjanHo

3. AyTopcTBO - HekomepuujanHo - 6e3 npepage

4. AyTOpCTBO — HeKOMepumjarHO — AenuTy Nog NCTUM YyC/TOBMMA
5. AytopctBo - 6e3 npepage

6. AyTOpPCTBO — [enuTv Noj UCTUM YCIoBMMA

(Monumo pa 3aoKpyxuTe camo jef, Hy oOf LeCT MOoHyhHeHWX nuueHuW, KpaTak  onuc
nuueHuy JaT je Ha nonebuHm nucta ).

MoTnunc foKTopaHaa

Y Beorpaay, 23.04.2015. ﬂ”ﬂw /WUNA"V
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